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UNIT-I OVERVOLTAGESINELECTRICALPOWERSYSTEMS
NATURALCAUSESOFOVER VOLTAGES
Introduction

Examination of over voltages on the power systemincludesa study of their magnitudes,
shapes, durations, and frequency of occurrence. The study should be performed at all points
along the transmission network to whichthe surges maytravel Types of Overvoltage

« ThevoltagestressesontransmissionnetworkinsulationarefoundtohaveavarietyofOrig
ins.

« InnormaloperationAC(orDC)voltagesdonotstresstheinsulationseverely.

« Overvoltagestressingapowersystemcanbeclassifiedintotwomaintypes:

External overvoltage: generated by atmospheric disturbances of these disturbances,
lightningisthe most commonandthe most severe.Internal over voltages: generatedby changes in
the operating conditions of the network. Internal over voltages.

Lightning Over voltagesLightning is produced in an attempt by nature to maintain
dynamic balance between the positively chargedionosphere andthe negatively charged earth.

Over fair-weather areas there is a downward transfer of positive charges through the
global air-earth current. This is then counteracted by thunderstorms, during which positive
charges are transferred upward in the form of lightning. During thunderstorms, positive and
negativecharges areseparatedby themovements ofaircurrents forming icecrystals in theupper
layer of a cloud and rain in the lower part.

The cloud becomesnegatively chargedand hasa larger layer ofpositive chargeat itstop.
Asthe separationofcharge proceedsinthecloud,thepotential difference between the centersof
charges _increases and the vertical electric field along the cloud also increases. The
totalpotentialdifferencebetweenthetwomainchargecentersmayvaryfroml00to1000MV.Onlya part
of the total charge-several hundred coulombs is released to earth by lightning; the rest is
consumed in inter cloud discharges. The height of the thundercloud dipole above earth may
reach5 km in tropical regions.



Figure:10vervoltageDueToArcingGround
TheLightningDischarge

Thechannel to earthis first establishedbya steppeddischargecalleda leader stroke. The
leader is initiated by a breakdown between polarized water droplets at the cloud base caused by
thehighelectricfield,oradischargebetweenthenegativechargemassinthelower cloud andthe
positive charge pocket below it. (Figure 1.2) As the downward leader approaches the earth,an
upward leader begins to proceed from earth before the former reaches earth. The upward leader
joins the downward one at a point referred to as the striking point. This is the start of the return
stroke, which progressesupward like a travelling wave on a transmission line

Figure:1.2DevelopmentalStagesOfALightingFlashAndTheCorrespondin
g Current Surge

LIGHTNINGPHENOMENON

At the earthling point a heavy impulse current reaching the order of tens of kilo amperes
occurs, which is responsible for the known damage of lightning. The velocity of progression of
thereturn stoke is very highand may reach halfthe speed of light. The corresponding current



heatsitspathtotemperaturesupto20,000°C,causingtheexplosiveairexpansionthatisheardas thunder.
The current pulse rises to its crest in a few microseconds and decays over a period of tens or
hundreds of microseconds.

FactsaboutLightning

Astrikecanaverage100millionvoltsofelect
ricityCurrent of up to 100,000 amperes

e Cangenerate54,000

LightningstrikessomewhereontheEartheverysec

ondKills hundreds of people every year.

UseTheFiveSecondRuleLighttravelsatabout186,291miles/se
condSound travels at only 1,088 feet/second
¢ Youwillseetheflashoflightningalmostimmediately5280/1088=4.9

e Aboutbsecondsforsoundtotravellmilelmiles(statute)isequalto 1,609.34meters.1Feet
areequal to 0.30 meters.

LightningVoltageSurges

Themostseverelightningstrokeisthatwhichstrikesaphaseconductoronthetransmission
line
* |tproducesthehighestovervoltageforagivenstrokecurrent.

* The lightning stroke injects its current into a termination impedance Z, whichin this case

» ishalfthelinesurgeimpedanceZosincethecurrentwillflowinbothdirectionsasshown
* InFigurel.3.Therefore,thevoltagesurgemagnitudeatthestrikingpoints=(*2)1ZoThe
» lightning current magnitude is rarely less than 10 KA.

» FortypicaloverheadlinesurgeimpedanceZoof300Q,thelightningsurgevoltagewill
Probablyhaveamagnitudeinexcessof1500kV.
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Figure:1.3DevelopmentalLightingovervoltage

EFFECTOFLIGHTNING

Theimpedanceofthelightningchannelitselfismuchlargerthanl1/2Zo(itisbelievedtorangefrom 100t
0 3000 Q).

Lightningvoltagesurgewill havethesame shapecharacteristics.
InpracticetheshapesandmagnitudesoflightningsurgewavesgetmodifiedbytheirReflectionsatpoints
of discontinuity as they travel along transmission lines.
Lightningstrokesrepresenttruedangertolife,structures,powersystems,and Communication
networks.

Lightning is always a major source of damage to power systems where equipment
Insulationmaybreakdown,undertheresultingovervoltageandthesubsequenthigh- Energy
discharge.

Lightning has been a source of wonder to mankind for thousands of years. Scotland
pointsoutthatanyrealscientificsearchforthefirsttimewasmadeintothephenomenonoflightningby
Franklin in18th century. Before going into the various theories explaining the charge
formationina thunder cloudandthemechanism oflightning,itisdesirable toreviewsome of the
accepted facts concerning the thunder.

CloudAndTheAssociatedPhenomenon.

The height ofthe cloud base above the surrounding ground level may vary from 160
t09,500m. Thechargedcenterswhichareresponsibleforlightningareintherangeof300to
1500 m.

Themaximumchargeonacloudisoftheorderofl0coulombswhichisbuiltup exponentially

overa periodofperhaps manysecondsor even minutes. Themaximumpotential ofa
cloud liesapproximately within the range of 10 MV to 100 MV.

Theenergyinalightningstrokemaybeoftheorderof250kWhr.



o Raindrops:

Raindrops elongate and become unstable under an electric field, the limiting diameter
being0.3 cm in a field of100 kV/cm. A free falling raindrop attainsa constant velocity with
respecttotheairdependinguponitssize. Thisvelocityis800cms/sec.fordropsofthesize
0.25 cm dia. and is zero for spray. This means that in case the air currents are moving
upwards with a velocity greater than 800 cm/sec, no rain drop can fall. Falling raindrops
greater than 0.5 cm in dia become unstable and break up into smaller drops. When a drop is
broken up by air currents, the water particles become positively charged and the air
negatively charged. When ice crystal strikes with air currents, the ice crystal is negatively
charged and the air positively charged.

Wilson’s Theory of Charge Separation Wilson‘stheory is based on theassumption thata
large number of ions are present in the atmosphere. Many of these ions attach themselves to
small dust particles and water particles. It also assumes that an electric field exists in the
earth‘s atmosphere during fair weather which is directed downwards towards the earth
(Figure.1.4 (a)). The intensity of the field is approximately 1 volt/cm at the surface of the
earth and decreases gradually with height so that at 9,500 m it is only about 0.02 V/cm. A
relativelylargeraindrop (0.1cmradius)fallinginthisfieldbecomespolarized,theupperside
acquires a negative.

Figure:1.4(a)Captureofnegativeionsbylargefallingdrop;(b)
ChargeseparationinathundercloudaccordingtoWilson’stheory.

Wilson’sTheoryofChargeSeparation

Wilson‘s theory is based ontheassumption that a large number ofionsare present inthe
atmosphere. Many of these ions attach themselves to small dust particles and water particles. It
also assumes that an electric field exists in the earth‘s atmosphere during fair weather which is
directeddownwardstowardstheearth(Figure.1.4  (a)).Theintensityofthefieldisapproximately 1
volt/cm at the surface of the earth and decreases gradually with height so that at 9,500 m it is
only about 0.02 V/cm. A relativelylargeraindrop(0.1 cmradius) falling in this field becomes



polarized, the upper side acquires a negative charge and the lower side a positive charge.
Subsequently, the lower part of the drop attracts —ve charges from the atmosphere which are
available inabundance intheatmosphereleavinga preponderance of positive chargesin the air.

Theupwards motion ofair currentstends to carryup the top ofthe cloud, the +veair and
smaller drops that the wind can blow against gravity. Meanwhile the falling heavier raindrops
which are negatively charged settle on the base of the cloud. It is to be noted that the selective
action ofcapturing—vechargesfromtheatmospherebythelowersurfaceofthedropispossible.No such
selective action occurs at the upper surface. Thus in the original system, both the positive
andnegativechargeswhichweremixedup,  producingessentiallyaneutral ~ spacecharge,arenow
separated.

Thus according to Wilson‘s theory since larger negatively charged drops settle on the
base ofthe cloudand smaller positively charged drops settle on the upper positions ofthe cloud,
the lower base of the cloud is negatively charged and the upper region is positively charged
(Figure.1.4 (b)).Simpson’s and Scarse TheorySimpson‘s theory is based on the temperature
variationsinthevarious regionsofthecloud.Whenwaterdropletsarebrokenduetoaircurrents, water
droplets acquire positive charges whereas the air is negatively charged. Also when ice crystals
strike with air, the air is positively charged and the crystals negatively charged. The theory is
explained with the help of Fig. 1.5.
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Figure:1.5Chargegenerationandseparationinathunder

cloudaccordingtoSimpson‘stheoryLetthecloudmoveinthedirectionfromlefttoright as
shown by the arrow. The air currents are also shown in the diagram. If the velocity of the air
currentsisaboutl0 m/sec in the base ofthecloud,theseair currentswhen collide withthe water
particles in the base of the cloud, the water drops are broken and carried upwards unless they
combine together and fall down in a pocket as shown by a pocket of positive charges (right
bottom region in Fig. 7.23). With the collision of water particles we know the air is negatively
charged and the water particles positively charged. These negative charges in the air are
immediately absorbed by the cloud particles which are carried away upwards with the air
currents. Theair currents go still higher inthe cloud wherethe moisture freezesintoice crystals.



The air currents when collide with ice crystals the air is positively charged and it goes in the
upper region of cloud whereas the negatively charged ice crystals drift gently down in the lower
region of the cloud. This is how the charge is separated in a thundercloud. Once the charge
separation is complete, the conditionsare now set for a lightning stroke.

MechanismofLightningStroke Lightningphenomenonisthedischargeofthecloudto the
ground. The cloud and the ground form two plates of a gigantic capacitor and the dielectric
medium is air. Since the lower part of the cloud is negatively charged, the earth is positively
charged by induction. Lightning discharge will require the puncture ofthe airbetween the cloud
andtheearth.ForbreakdownofairatSTPconditiontheelectricfieldrequiredis30kV/cmpeak. But in a
cloud where the moisture content in the air is large and also because of the high altitude (lower
pressure) it is seen that for breakdown of air the electric field required is only 10 kV/cm. The
mechanismof lightning discharge is best explained with the help of Fig. 1.6. After agradient of
approximately 10 kV/cm is set up in the cloud, the air surrounding gets ionized. At
thisastreamer(Fig.1.6(a))startsfromthecloudtowardstheearthwhichcannotbedetectedwith the
naked eye; only a spot travelling is detected.

Thecurrentinthestreamerisoftheorderof100amperesandthespeedofthestreameris

0.16 m/p sec. This streamer is known as pilot streamer because this leads to the lightning
phenomenon. Depending upon the state of ionization of the air surrounding the streamer, it is
branched toseveralpathsandthisisknownassteppedleader(Fig.1.6(b)). Theleadersteps areof the
order of 50 m in length and are accomplished in about a microsecond. The charge is brought
fromthecloudthroughthealreadyionizedpathtothesepauses. Theairsurroundingthesepauses is again
ionized and the leader in this way reaches the earth (Fig.1.6(c)).Once the stepped leader has
made contact with the earth it isbelieved that a powerreturn stroke(Fig.1.6(c)) moves very fast
uptowardsthecloudthroughthealreadyionized path bytheleader.Thisstreamerisveryintense where
the current varies between 1000 amps and 200,000 amps and the speed is about 10% that of
light. It is herewherethe —ve charge of the cloud is being neutralized by the positive induced
charge on the earth (Fig. 1.6 (d)).

Itisthis instant which givesriseto lightning flash which weobserve with ournaked eye.
Theremay be another cell of chargesin the cloud nearthe neutralized charged cell. Thischarged
cell will try to neutralize through this ionized path.This streamers knownas dart leader (Fig.1.6
(e)). The velocity of the dart leader is about 3% of the velocity of light. The effect of the dart
leader is much more severe than that of the return stroke. The discharge current in the return
streamer is relatively very large but as it lasts only fora few microseconds the energy contained
in the streamer is small and hence this streamer is known as cold lightning stroke whereas the
dart leader is known as hot lightning stroke because even though the current in this leader is
relatively smaller but it lasts for some milliseconds and therefore the energy contained in this
leader is relatively larger.

Itis found that each thunder cloud may contain as manyas 40 charged cells and a heavy
lightning stroke may occur. This is known as multiple stroke. 1.2.3 Line Design Based On
Lightning Theseverity ofswitching surges forvoltage400 kV and aboveis muchmore than that
duetolightningvoltages.Allthesameitisdesiredtoprotectthetransmissionlinesagainst direct
lightning strokes. The object of good line design istoreduce the number of outages caused by



lightning.Toachievethis following actionsarerequired.(l) The incidence of stroke ontopower
conductor shouldbeminimized. (ii)Theeffect ofthose strokeswhichareincident onthesystem
should be minimized. To achieve (i) we know that lightning normally falls on tall objects; thus
tall towers are more vulnerable to lightning than the smaller towers. In order to keep smaller
tower height for a particular ground clearance, the span lengths will decrease which requires
more number oftowers and hence the associatedaccessories like insulators etc. The cost will go
upvery high.Therefore,a compromise has to be made sothatadequate clearance is provided,at the
sametimekeeping longer span and hence lesser number oftowers.
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Figure:1.6Lightningmechanism

With a particular number of towers the chances of incidence of lightning on power
conductor scan be minimized by placing a ground wire at the top of the tower structure. . The
tower presents a discontinuity to the travelling waves; therefore they suffer reflections and
refraction. Thesystem is, then,equivalent to alinebifurcatedat thetowerpoint.Weknowthat the
voltageand current transmitted intothetower will dependuponthesurgeimpedanceofthetower and
the ground impedance (tower footing resistance) of the tower. If it is low, the wave
reflectedbackupthetowerwilllargelyremovethepotentialexistingduetotheincidentwave. Inthiswaythe
chance of flashover is eliminated. If, on the other hand, the incident waveencounters high
ground impedance, positive reflection will take placeand the potential on the



topofthetower structure willberaisedratherthanlowered.It is,therefore, desiredthat forgood
linedesign high surgeimpedancesintheground wirecircuits, thetower structuresand thetower
footing should be avoided.

OVERVOLTAGESDUETOSWITCHINGSURGES

The increase in transmission voltages needed to fulfill the required increase in transmitted
powers, switching surges have become the governing factor in the design of insulation for EHV and
UHV systems. In the meantime, lightning over voltages come as a secondary factor in these
networks. There are two fundamental reasons for this shift in relative importance from lightning to
switching surges as higher transmission voltages are called for:

e Overvoltages produced ontransmission lines by lightning strokes are only slightly dependent
onthepowersystemvoltages.Asaresult,theirmagnitudesrelativetothesystempeakvoltagedecrease
as the latter is increased.

» External insulation has its lowest breakdown strength undersurges whose fronts fall in
therange 50-500 micro sec.,which is typical for switching surges.

e According to the International Electro-technical Commission(IEC) recommendations, all
equipment designed for operating voltages above 300 kV should be tested under switching
impulses (i.e., laboratory-simulated switching surges).

Temporaryovervoltages

ThepurposeofthisGuideistoprovideinformationontransientandtemporaryover voltages and
currents in end-user AC power systems. With this information in hand, equipment designers and
users can more accurately evaluate their operating environment to determine the need for surge
protective devices (SPDs) or other mitigation schemes. The Guide characterizes
electricaltransmissionanddistributionsystemsinwhichsurgesoccur,baseduponcertain
theoreticalconsiderationsaswellasonthedatathathavebeenrecordedininteriorlocationswithparticular
emphasis on industrial environments. There are no specific mathematical models that
simulateallsurgeenvironments;thecomplexitiesoftherealworldneedtobesimplifiedto
produceamanageablesetofstandardsurgetests. Tothisend,aschemetoclassifythesurge environment
is presented.

This classification providesa practical basis fortheselection of surge-voltageand surge-
current waveforms andamplitudes that can beapplied to evaluatethe capability of equipment to
withstand surges when connected to power circuits. The fundamental approach to
electromagnetic compatibility (EMC) in the arena of surges is the requirement that equipment
immunity and characteristics of the surge environment characteristics should be properly
coordinated. By definition, the duration of the surges considered in this Guide do not exceed a
one-halfperiodofthenormalmainswaveform.They can beperiodicorrandomeventsandmight appear
in any combination of line, neutral, or grounding conductors. They include those surges with
amplitudes, durations, or rates of change sufficient to cause equipment damage or



operationalupset(seeFigurel.7).Surgeprotectivedevicesactingprimarilyonthevoltageare often
applied to divert damaging surges, but theupset can require other remedies.
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Figure:1.7Simplifiedrelationshipamongvoltage,duration,rateofch
ange, and effect on equipment.

Temporary over voltages represent a threat to equipment as well as to any surge protective
devices that may have been provided for the mitigation of surges. The scope of this Guide
includes temporary over voltages onlyasa threattothe survival of SPDs,and therefore includes
considerations on the selection of suitable SPDs. No equipment performance requirements are
specified in this Guide. What is recommended is a rational, deliberate approach to recognizing
the variables that need to be considered simultaneously, using the information presented here to
define a set of representative situations. For specific applications, the designer has to take into
consideration not only the rates of occurrence and the waveforms described in this Guide, but
also the specific power system environment and the characteristics of the equipment in need of
protection. As an example, the following considerations are necessary to reach the goal of
practical surge immunity:

o Desiredprotection
Hardwareintegrity

Process immunity
Specificequipmentsensitivities
The power environment
Surgecharacteristics



Electricalsystem
Performanceofsurgeprotectivedevices
Protection

Lifetime

Thetestenvironment
Costeffectiveness

Answersmay not existthataddressall ofthequestionsraised bythe considerationslisted
above. In particular, thoserelatedto specific equipment sensitivities, bothintermsof component
failure and especially in terms of processing errors, might not be available to the designer. The
goal of the reader may be simply selecting the most appropriate device from among the various
surge protective devices available and meet the requirements of the equipment that they must
protect. Subsets ofthe considerations in this section might then apply, and the goal ofthe reader
may then be the testing of various surge protective devices under identical test conditions. The
following can guide the reader in identifying parameters, seeking further facts, or quantifying a
test plan.

DesiredLevelofProtection

The desired level of protection can vary greatly depending upon the application. For
example, in applications not involving online performance, protection may only be needed to
reduce hardware failures by a certain percentage. In other cases, such as data processing or
critical medical or manufacturing processes, any interruption or upset of a process might be
unacceptable. Hence, the designer should quantify the desired goal with regard to the separate
questions of hardware failure and process interruption or upset.

EquipmentSensitivities

Specific equipment sensitivities should be defined in concert with the above-mentioned
goals. The sensitivities (immunity) will be different for hardware failure or processupset. Such
definitions might include: maximum amplitude and duration of the surge remnant that can be
tolerated, wave-form or energy sensitivity, et cetera.

PowerEnvironment

The applicable test waveforms recommended in this Guide should be quantified on the
basis of the location categories and exposure levels as explained in the corresponding clauses of
the Guide. The magnitude of the rams voltage, including any anticipated variation, should be
quantified. Successful application of surge protective devices requires taking into consideration
occasionalabnormal occurrences.It isessential that an appropriate selection oftheSPD limiting
voltage is based on actual characteristics of the mains voltage.

PerformanceofSurgeProtectiveDevices
Evaluation of a surge protective device should verify a long life in the presence of both

thesurgeand electrical systemenvironmentsdescribed above. At thesametime,itsremnantand
voltage levels should providea margin below the immunity levels of the equipmentin order to



achieve the desired protection. It is essential to consider all of these parameters simultaneously.
For example,the use ofa protective devicerated very closetothe nominal systemvoltage might
provide attractive remnant figures, but can be unacceptable when a broad range of occasional
abnormal deviationsintheamplitude ofthe mains waveformareconsidered. Lifetime or overall
performance of theSPDs should not be sacrificed for the sake ofa low remnant.

TestEnvironment

The surge test environment should be carefully engineered with regard to the preceding
considerations and any other parameters that are important to the user. A typical description of
the test-environment includes definitions of simultaneous voltages and currents, along with
proper demonstrations of short-circuit.

Itisimportanttorecognizethatthespecificationofanopen-circuitvoltagewithout
simultaneousshort-circuitcurrentcapabilityismeaningless.CostEffectiveness Thecostofsurge
protectioncanbesmall,comparedtooverallsystemcostandbenefitsinperformance. Therefore, added
quality and performance in surge protection may be chosen asa conservative engineering
approachtocompensateforunknownvariablesintheotherparameters. Thisapproachcan provide
excellent performance in the best interests of the user, while not significantly affecting overall
system cost.

Definitions
Thedefinitionsgivenherehavebeendevelopedby severalstandards-writing
organizations and have been harmonized.

BackFlashover(Lightning):

Aflashoverofinsulationresulting froma lightning striketopartofa networkorelectrical
installation that is normally at ground potential. Blind Spot: A limited range within the total
domain of application of a device, generally at values less than the maximum rating. Operation
of the equipment or the protective device itself might fail in that limited range despite the
device's demonstration of satisfactory performance at maximum ratings.

ClampingVoltage:
Deprecatedterm.Seemeasuredlimitingvoltage.

Combination Surge(Wave): A surgedeliveredbyaninstrument whichhastheinherent
capability ofapplyinga 1.2/50 us voltage waveacrossan open circuit,and delivering an8/20 us
current wave into a short circuit. The exact wave that is delivered is determined by the
instantaneous impedance to which the combination surge is applied.

Combined Multi-Port Spd:A surge protective device integrated in a single packageas
the means of providing surge protection at two or more ports ofa piece of equipment connected
to different systems(such as a power systemanda communications system).



CoordinationOf Spds (Cascade): The selectionof characteristicsfor two or moreSPDs to
be connected across the same conductors of a system but separated by some decoupling
impedance such that, given the parameters of the impedance and of the impinging surge, this
selection will ensure that the energy deposited in each of the SPDs is commensurate with its
rating.

Direct Strike:A strike impacting the structure of interest or the soil (or objects) within a few
meters from the structure of interest. Energy Deposition: The time integral of the power
dissipated in a clamping-type surge protective device during a current surge of a specified
waveform. Failure Mode: The processand consequences of device failure.

Leakage Current:Any current, including capacitive coupled currents, that can be
conveyedfromaccessiblepartsofa producttogroundortootheraccessible partsoftheproduct.

Lightning Protection System (LPS):The complete system used to protect a space
against the effects of lightning. It consists of both external and internal lightning protection
systems.

LightningFlashToEarth: Anelectrical dischargeofatmosphericoriginbetweencloud and
earth consisting of one or more strikes.

LightningStrike:Asingleelectricaldischargeinalightningflashtoearth.

Mains: The AC power source available at the point ofuse in a facility. It consists of the
set of electrical conductors (referred to by terms including service entrance, feeder, or branch
circuit) for delivering power to connected loadsat the utilization voltage level.

Maximum continuous operating voltage (MCOV):The maximum designated root-
mean-square (rms) value of power-frequency voltage that may beapplied continuously between
the terminals of the arrester.

Measuredlimiting voltage: Themaximum magnitudeofvoltagethatappearsacrossthe
terminalsoftheSPD duringtheapplicationofanimpulseof specifiedwaveshapeandamplitude.

Nearbystrike:Astrikeoccurringinthevicinityofthestructureofinterest.

Nominal System Voltage: A nominal value assigned to designate a system of a given
voltage class.

Nominal Arrestor voltage:The voltage across the arrestor measured at a specified
pulsedDC current,IN(dc), of specificduration.IN(dc) isspecified by thearrestor manufacturer.

One-Port SPD: AnSPD havingprovisions(terminals, leads, plug) for connectiontothe
AC power circuitbutnoprovisions(terminals,leads,receptacles)for supplyingcurrenttothe AC
power loads.



Open-circuitvoltage(OCV):Thevoltageavailablefromthetest setup(surgegenerator,
coupling circuit, back filter, connecting leads) at theterminals where the SPD under test will be
connected.

Pointofstrike: Thepointwherealightningstrikecontactstheearth,astructure,oran
LPS.

Pulse life:The number of surges of specified voltage, current amplitudes, and wave
shapesthat may beapplied toa device without causing degradation beyond specifiedlimits. The
pulse life applies to a device connected to an AC line of specified characteristics and for pulses
sufficiently spaced in time to preclude the effects of cumulative heating.

Response time (arrestor):The time between the point at which the wave exceeds the
limiting voltage level and the peak of the voltage overshoot. For the purpose of this definition,
limitingvoltageisdefinedwitha8/20ItscurrentwaveformofthesamepeakCurrentamplitude as the
waveform used for this response time.

Short-CircuitCurrent(Scc): Thecurrentwhichthetestsetup(surgegenerator,
couplingcircuit,backfilter,connectingleads)candeliveratthe terminalswhere the SPD
undertestwillbeconnected,withtheSPDreplacedbybondingthetwoleadterminals.(Alsosometimes
abbreviated as SCI).

SPD disconnect or: A device for disconnecting an SPD fromthe system in the event of
SPDfailure.lItistopreventapersistentfaultonthesystemandtogiveavisibleindicationofthe SPD
failure.

Surge Response Voltage:The voltage profile appearing at the output terminals of a
protectivedeviceandappliedtodownstreamloads,duringandafteraspecifiedimpingingsurge,  until
normal stable conditions are reached.

SurgeProtectivedevice(SPD):Adevicethatisintendedtolimittransientovervoltages and divert
surge currents. It contains at least one nonlinear component—a surge reference equalizer. A surge
protective device used for connecting equipment to external systems whereby all conductors
connected to the protected load are routed—physically and electrically—through a single enclosure
with a shared reference point between the input and output portsof each system.

Swell:A° momentary increase in the power frequency voltage delivered by
themains,outsideofthenormaltolerances,withadurationofmorethanonecycleandlessthan a few
seconds.

SwitchingSurgeTestVoltageCharacteristics

Switching surges assume great importance for designing insulation of overhead lines
operating at voltages more than 345 kV. It has been observed that the flashover voltage for
various geometrical arrangements under unidirectional switching surge voltages decreases with
increasing the front duration of the surge and the minimum switching surge corresponds to the
rangebetweenl 00 and500usec.However,timetohalfthevaluehasno effect asflashovertakes place
either at the crest or before the crest of the switching surge. Fig.1.8 givesthe relationship



betweenthecriticalflashovervoltagepermeterasa functionoftimetoflashover forona3mrod- rod gap
and a conductor-plane gap.
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Figure:1.8VariationofF.O.V/masafunctionoftimetoflashover

It can be seen that the standard impulse voltage (1/50 p sec) gives highest flashover
voltage and switching surge voltage with fronttime varying between 100 to 500 p sec haslower
flashover voltagescomparedtopower frequencyvoltage.The flashovervoltagenotonlydepends
uponthe crest time butupon the gap spacingand humidity for the same cresttime surges.

It has been observed that the switching surge voltage per meter gap length decreases
drastically with increasein gap lengthand, therefore, forultrahigh voltage system, costly design
clearances are required. Therefore, it is important to know the behavior of external insulation
with different configuration under positive switching surgesas it has been found that for nearly
allgap configurationswhich areofpracticalinterest positiveswitchingimpulseislowerthan the
negative polarity switching impulse.

It has also been observed that if the humidity varies between 3 to 16 gm/m3, the
breakdown voltage of positive and gaps increases approximately 1.7% for 1 gm/m3 increase in
absolute humidity. For testing purposes the switching surge has been standardized with wave
front time 250 p deceit is known that the shape of the electrode has a decided effect on the
flashover voltage of the insulation.

Lot of experimental work has been carried on the switching surge flash over voltage
furlong gaps using rod-plane gap and it has been attempted to correlate these voltages with
switching surge flash over voltage of other configuration electrodes. Several investigators have
shownthatifthegaplengthvariesbetween2to8m,the50%positiveswitchingsurgeflashover for any
configurations given by the expression



o = 500 kd®® KV

where d is the gap length in meters, k is the gap factor which is a function of electrode
geometry. Forrod-plane gaps K=1.0. Thus Krepresents aproportionality content and is equal to
50% flash overvoltage ofany gap geometry to that ofa rod-plane gap for the same gap spacing

Vie

k=
Vsorod — plane gap

i.e., The expression for V50 applies to switching impulse of constant crest time. A more
general expression whichapplies tolonger timesto crest has been proposed as follows :

3450 K
oy = —— kV
0 S
l  —
d

here Kand d have the same meaningasin the equation above.The gap factor Kdepends
mainly on the gap geometry and hence on the field distributioninthe gap.Shown in Figl1.9
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Figure:1.9Differentgapgeometries

OvervoltageProtection

The causes of over voltages in the system have been studied extensively in previous
sections.Basically, therearetwosources: (i) external over voltagesdueto mainlylightning,and



(i) internal overvoltage mainly due to switching operation. The system can be protectedagainst
external over voltagesusing whatareknownasshieldingmethodswhich donotallowanarcpath to
form between the line conductors and ground, thereby giving inherent protection in the line
design. For protection against internal voltages normally non-shielding methods are used which
allowanarc path between the ground structureand the line conductor but meansare provided to
quench thearc. The use of ground wire isa shielding method whereasthe use of spark gaps,and
lightning arrestersarethenon-shielding methods. Wewill study firstthenon-shielding methods and
then the shielding methods. However, the non shielding methods can also be used for external
over voltages.
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Figure:1.10Volt-timecurvesofgapsforpositiveandnegativepolarity

The non-shielding methods are based upon the principle of insulation breakdown as the
Overvoltage is incident on the protective device; thereby a part of the energy content in the
overvoltageisdischargedtothegroundthroughtheprotectivedevice.Theinsulationbreakdown is not
only a function of voltage but it depends upon the time for which it is applied and also it
depends upon the shape and size of the electrodes used.

The steeper the shape of the voltage wave, the larger will be the magnitude of voltage
required for breakdown; this is because an expenditure of energy is required for the rupture of
any dielectric, whether gaseous, liquid or solid, and energy involves time. The energy criterion
for various insulations can be compared in terms of a common term known as Impulse Ratio
which is defined as the ratio of breakdown voltage due to an impulse of specified shape to the
breakdownvoltageat power frequency.Theimpulseratiofor spheregapisunitybecausethisgap has a
fairly uniform field and the breakdown takes place on the field ionization phenomenon mainly
whereas for a needle gap it varies between 1.5 t02.3 dependingupon the frequencyand



gap length. This ratio is higher than unity because of the non-uniform field between the
electrodes.

The impulse ratio of a gap of given geometry and dimension is greater with solid than
with air dielectric. The insulators should have a high impulse ratio for an economic design
whereas the lightning arresters should have a low impulse ratio so that a surge incident on the
lightning arrester may be-by passed to the ground instead of passing it on to the apparatus. The
volt-time characteristics of gaps having one electrode grounded depend upon the polarity of the
voltage wave. From Fig.1.10 it is seen that the volt-time characteristic for positive polarity is
lowerthanthenegativepolarity,i.e.thebreakdownvoltageforanegativeimpulseis greaterthan
forapositivebecauseofthenearnessofearthedmetalorofcurrent carryingconductors. Forpost
insulators the negative polarity wave has a high breakdown value whereas for suspension
insulators the reverse is true.

HornGap

The horn gap consistsoftwo horn-shapedrods separated bya smalldistance.One end of this
is connected to be line and the other to the earth as shown in Fig. 1.11, with or without a
seriesresistance. The choke connected between the equipment to be protected and the horn gap
serves two purposes: (i) The steepness of the wave incident on the equipment to be protected is
reduced. (ii) It reflects the voltage surge back on to the horn.
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Figure:1.11Horngapconnectedinthesystemforprotection

Whenevera surge voltage exceedsthebreakdownvalueofthegapa dischargetakesplace and
the energy content in the rest part of the wave is by-passed to the ground. An arc is set
upbetweenthegap,whichactslikeaflexibleconductorandrisesupwardsundertheinfluenceof the
electro-magnetic forces, thus increasing the length of the arc which eventually blows out. There
are two major drawbacks of the horn gap; (i) The time of operation of the gap is
quitelargeascomparedtothemodern protectivegear.(ii)lfusedonisolatedneutralthehorngapmay
constitute a vicious kind of arcing ground. For these reasons, the horn gap has almost vanished
from important power lines.

SurgeDiverters

Thefollowingarethebasicrequirementsofasurgediverter:



eltshouldnotpassanycurrentatnormalorabnormal(normally5%morethanthenormal ~ voltage)
power frequency voltage.

eItshouldbreakdownasquicklyaspossibleaftertheabnormalhighfrequencyvoltage arrives.

e Itshouldnotonlyprotecttheequipmentforwhichitisusedbutshoulddischargethesurgecurrentwithoutdamag
ing itself.

e Itshouldinterruptthepowerfrequencyfollowcurrentafterthesurgeisdischargedtoground.

There are mainly three types of surge diverters: (i) Rod gap, (ii) Protector tube or
expulsion type of lightning arrester, (iii) Valve type of lightning arrester.Rod gap This type of
surge diverter is perhaps the simplest, cheapest and most rugged one. Fig. 1.12 shows one such
gap for a breaker bushing. Thismaytake the form ofarcingring. Fig.1.13 showsthe breakdown
characteristics (volt-time) of a rod gap.

For a given gap and wave shape of the voltage, the time for breakdown varies
approximately inversely with the applied voltage.
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Figure:1.12ArodgapFigure.1.13Volt-timecharacteristicofrodgap

Thetimeto flashover for positive polarity islower than for negative polarities. Also it is
found that the flashover voltage depends to some extent on the length of the lower (grounded)
rod. For low values ofthislength there isa reasonabledifference between positive(lower value)
and negative flashover voltages. Usually a length of 1.5 to 2.0 times the gap spacing is good
enoughtoreducethisdifferencetoareasonableamount. Thegap settingnormallychosenissuchthat its
breakdown voltageisnotlessthan30%belowthevoltagewithstandleveloftheequipmenttobe
protected. Even though rod gap is the cheapest form of protection, it suffersfrom the major
disadvantage that it does not satisfy one of the basic requirements of a lightning arresterlistedat
no. (iv)i.e.,it does not interrupt thepower frequency followcurrent. This means that every
operation of the rod gap results in a L-Gfault and the breakers must operate to de- energize the
circuit to clear the flashover.The rod gap,therefore,is generallyusedas back up protection.



Expulsiontypeoflightningarrester

Animprovementoftherodgapis theexpulsiontubewhichconsistsof(i) aseriesgap(1) external
to the tube which is good enough to withstand normal system voltage, thereby there isno
possibility of corona or leakage current across the tube; (ii) a tube which has a fiber lining on
theinnersidewhichisahighlygasevolvingmaterial;(iii)asparkgap(2)inthetube; and(iv)an openvent
atthe lower end for the gases to be expelled(Fig. 1.14).It is desired that the breakdown voltage
ofa tube must belower than that ofthe insulation for whichit isused. When

Lin=

L

1 Sernies gap
P

f

7]
A :
b
19
A
Gap |4 Fibre tube
[ 2
ey ¢
: /
% [/
L~
.:i‘g = Bottom metal
_’2 ':‘_----' electrode

“Went for gases

Figure:1.14Expulsiontype

SurgeProtectionofRotatingMachine

A rotating machine is less exposed to lightning surge as compared to transformers.
Because of the limited space available, the insulation on the windings of rotating machines is
kept to a minimum. The main difference between the winding of rotating machine and
transformer is that in case of rotating machines the turns are fewer but longer and are deeply
buried in the stator slots. Surge impedance ofrotating machines inapprox. 1000 Q and since the
inductance and capacitance of the windings are large as compared to the overhead lines the
velocity of propagation is lower than on the lines. For atypical machine it is 15 to 20 metres/ p
sec. This means that in case of surges with steep fronts, the voltage will be distributed or
concentratedat the first fewturns. Since theinsulationis notimmersed in oil,its impulseratio is
approx. unity whereas that of the transformer is more than 2.0.
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Figure:1.15SurgeProtectionofRotatingMachine

The rotating machine should be protected against major and minor insulations. By
major insulation is meant the insulation between winding and the frame and minor insulation
means inter-turn insulation. Themajor insulation is normally determined by theexpectedline-to-
ground voltageacrossthe terminal ofthe machine whereasthe minorinsulationisdeterminedby the
rate of rise of the voltage. Therefore, in order to protect the rotating machine against surges
requireslimitingthesurgevoltage magnitudeatthemachineterminalsandslopingthewavefront
oftheincoming surge.To protect the majorinsulationa special lightningarresteris connectedat the
terminal of the machine and to protect the minor insulation a condenser of suitable rating is
connected at the terminals of the machine as shown in Fig. 1.15.

SYSTEMFAULTSANDOTHERABNORMALCONDITIONS

The shunt capacitances are also shown. Under balanced conditions and complete
transposed transmission lines, the potential of the neutral is near the ground potential and the
currents in various phases through the shunt capacitorsare leading their corresponding voltages
by 90°. They are displaced from each other by 120° so that the net sum of the three currents is
zero (Fig.1.16 ). Say there isline-to-ground fault on one of the three phases(say phase_c*).The
voltage across the shunt capacitor of that phase reduces to zero whereas those of the healthy
phases becomeline-to-line voltagesand nowtheyare displaced by 60° rather than120°. The net
charging current now is three times the phase current under balanced conditions (Fig.1.16 (c)).
These currents flow through the fault and the windings of the alternator. The magnitude of this
current is often sufficient to sustain an arc and, therefore, we have an arcing ground. This could
be due to a flashover of a support insulator. Here this flashover acts as a switch. If the arc
extinguishes when the current is passingthrough zero value,the capacitors in phases a and b are
charged to linevoltages. Thevoltageacrossthelineand thegrounded points ofthepost insulator will
bethesuper-positionofthecapacitorvoltageandthegenerator voltageandthisvoltagemaybegood
enough to cause flashover which is equivalent to strike in a circuit breaker. Because of
thepresenceoftheinductanceofthegeneratorwinding,thecapacitanceswillformanoscillatory circuit
and these oscillations may buildup to still higher voltagesand the arc mayreignite



causing further transient disturbances which may finally lead to complete rupture of the post

insulators.
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phasesystemwithisolatedneutral;(b)Phasordiagramunderhealthycondit
ion; (c) Phasor diagram under faulted condition.

BewleyLatticeDiagram

This is a convenient diagram devised by Bewley, which shows at a glance the position
and directionofmotion ofeveryincident,reflected, andtransmitted wave onthe systemat every
instant of time. The diagram overcomes the difficulty of otherwise keeping track of the
multiplicity of successive reflections at the various junctions.

Consideratransmissionlinehaving  aresistancer, aninductancel,a conductanceganda
capacitance c, all per unit length.

If _ is the propagation constant of the transmission line, andEis the magnitude of the voltage
surge at the sending end, then the magnitude and phase of the wave as it reaches any section
distance x from the sending end is Ex given by.

E=E .e= E.e=Eee -x-(+))Xx-x-jxxyafop
where
e representstheattenuationinthelengthoflinex
e-j representsthephaseanglechangeinthelength of linex
Therefore,
attenuationconstantofthelineinneper/km  phase
angle constant of the line in rad/km.
Itisalsocommonforanattenuationfactorktobedefined  correspondingtothelengthofa  particular
line. i.e.
k=eforalineoflength I.



Whenavoltagesurgeofmagnitudeunityreachesajunctionbetweentwosectionswith

surge impedances Z1and Z2, then a part is transmitted and a part isreflected back.In traversing
the second line, if the attenuation factor is k, then on reaching the termination at the end of the
second line its amplitude would be reduced. The lattice diagram may now be constructed as
follows. Settheendsof thelinesatintervals equaltothetime oftransit of each line.Ifa suitable time
scale is chosen, thenthe diagonals on the diagram showthe passage of the waves.

IntheBewleylatticediagram,thefollowingpropertiesexist. All

* waves travel downhill, because time always increases.

* Thepositionofanywaveatanytimecanbededuceddirectlyfromthediagram.

e Thetotal potential at any point, at any instant oftimeis thesuperposition ofall thewaves
which have arrived at that point up until that instant of time, displaced in position from
each other by intervals equal to the differencein their time ofarrival.

e The history ofthe waveis easilytraced.ltis possibleto find whereit came fromandjust what
other waves went into its composition.

e Attenuation is included, so that the wave arriving at the far end of a line corresponds to
the value entering multiplied by theattenuation factor of the line.



UNITHELECTRICALBREAKDOWNINGASES,SOLIDSANDLIQUIDS

INTRODUCTION

With ever increasing demand of electrical energy, the power system is growing both in
sizeand complexities.Thegenerating capacitiesofpower plantsandtransmission voltageare on the
increase because of their inherent advantages. If the transmission voltage is doubled, the power
transfer capability of the system becomes four times andtheline lossesarealsorelatively
reduced.Asaresult,itbecomesastrongerandeconomicalsystem.InIndia,wealreadyhave400kVlinesin
operation and 800 kV lines are being planned. In big cities, the conventional transmission
voltages (110 kV-220 kV etc.) are being used as distribution voltages because of increased
demand.

A system (transmission, switchgear, etc.) designed for 400 kV and above using
conventional insulating materials is both bulky and expensive and, therefore, newer and newer
insulating materials are being investigated to bring down both the cost and space requirements.
Theelectricallyliveconductorsaresupportedoninsulatingmaterialsandsufficientairclearances  are
provided to avoid flashover or short circuits between the live parts of the system and the
grounded structures. Sometimes, a live conductor is to be immersed in an insulating liquid to
bring down the size of the container and at the same time provide sufficient insulation between
the live conductor and the grounded container. In electrical engineering all the three media, viz.
the gas, the liquid and the solid are being used and, therefore, we study here the mechanism of
breakdown of these media.

CLASSICALGASLAWS

In the absence of electric or magnetic fields charged particles in weakly ionized gases
participatein molecular collisions. Their motions follow closely the classicalkinetic gas theory.

The oldest gas law established experimentally by Boyle and Mariotte states that for a
givenamountofenclosedgasataconstanttemperaturetheproductofpressure(p)andvolume
(V)isconstantor

pV=C=const. 2.1

Inthesamesystem, ifthepressureiskept ~ constant,thenthevolumesVandvVo  are
related to their absolutetemperaturesT and TO (in K) by Gay—Lussac’s law:
\% T
o 2.2
Yo T,
WhentemperaturesareexpressedindegreesCelsius,eqn(2.2)becomes;
v 27346

Vo @ 273

Equation(2.3)suggeststhatasweapproach©=-273°Cthevolumeofgasshrinksto
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zero.Inreality,allgasesliquefybeforereachingthisvalue.
Accordingtoeqn(2.2)theconstantCineqn(2.1)isrelatedtoagiventemperatureTO  for  the

volume VO:

pVO0 =C0 2.4
SubstitutingVVOfromeqn(2.2)gives
@)
p\VO = \Tp 2.5
TheratioCO/TO_iscalledtheuniversalgasconstantandisdenotedbyR.
Equation(2.5)thenbecomes
pV=RT=C 2.6

Numerically R is equal to 8.314 joules/°Kmol. If we take n as the number of moles, i.e.
themassmofthegasdividedbyit’smol-mass,thenforthegeneralcaseeqn(2.1)takestheform

pV=nC=nRT, 2.7
Equation(2.7)thendescribesthestateofanidealgas,sinceweassumedthatRisa

constantindependentofthenatureofthegas.Equation(2.7)maybewrittenintermsof gas

density N in volume V containing N1 molecules.

PuttingN=NAwhereNA=6.02*10 molecules/mole,NAisknownastheAvogadro’s
number.Thenegn(2.7)becomes
pV:I%E:leTorp:N KT 2.8

Theconstantk=R/N AistheuniversalBoltzmann’sconstant(=1.3804*1 023j oules/®
K) and N is the number of molecules in the gas.

Thefundamentalequationforthekinetictheoryofgasisderivedwiththe following
assumed conditions:

e Gasconsistsofmoleculesofthesamemasswhichareassumedspheres. .
Moleculesareincontinuousrandommotion.

¢ Collisionsareelastic—simplemechanical.

e Meandistancebetweenmoleculesismuchgreaterthantheirdiameter.

CORONADISCHARGES

Inuniformfieldandquasi-uniformfieldgapstheonsetofmeasurableionizationusuallyleadstocomplete
breakdown ofthe gap. In non-uniform fields various manifestations of



luminousandaudibledischargesareobservedlongbeforethecompletebreakdownoccurs.These
discharges may be transient or steady state and are known as ‘coronas’. An excellent review of
the subject may be found in a book by Loeb.

Thephenomenonisofparticularimportanceinh.v. engineeringwherenon-uniformfields are
unavoidable. It is responsible for considerable power losses from h.v. transmissionlines and
often leads to deterioration of insulation by the combined action of the discharge ions
bombarding the surfaceand theaction of chemical compoundsthatare formed by the discharge.

It may give rise to interference in communication systems. On the other hand, it has
various industrial applications such as high-speed printing devices, electrostatic precipitators,
paint sprayers, Geiger counters, etc. The voltage gradient at the surface of the conductor in air
required to producea visuala.c. corona inair is given approximately bythe Peek’s expression.
Thereisadistinct ~ differenceinthevisualappearanceofacoronaat  wiresunder  differentpolarity
oftheappliedvoltage.Underpositivevoltage,acoronaappearsintheformofauniformbluish-white
sheath over the entire surface of the wire.

Onnegativewiresthecoronaappearsasreddishglowingspotsdistributedalongthewire. The
number of spots increases with the current. Stroboscopic studies show that with alternating
voltagesa  corona hasaboutthesameappearanceaswithdirectvoltages.Becauseofthedistinctly
different properties of coronas under the different voltage polarities it is convenient to discuss
separately positive and negative coronas. In this section a brief review of the main features of
corona discharges and their effect on breakdown characteristics will be included. For detailed
treatment of the basic fundamentals of this subject the reader is referred to other literature
sources.

Positiveoranodecoronas

The most convenient electrode configurations for the study of the physical mechanism of
coronas are hemi spherically capped rod-plane or point-plane gaps. In the former
arrangement,byvaryingtheradiusoftheelectrodetip,different degreesof fieldnon-
uniformitycanbereadily achieved. The point plane arrangement is particularly suitable for
obtaining a high localized stress and for localization of dense space charge. In discussing the
corona characteristics andtheir relation to the breakdown characteristics it is convenient to
distinguish between the phenomena that occur under pulsed voltage of short duration (impulse
corona), whereno spacechargeispermittedtodriftandaccumulate,andunderlonglasting(d.c.)
voltages (static field corona).
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Figure:2.1Schematicillustrationoftheformationofstreamersunderimpulsevoltage- progressive
growth with increasing pulse duration-positive rod-plane gap

Underimpulsevoltagesatalevel just above ionizationthreshold,because of thetransient
development of ionization, the growth of discharge is difficult to monitor precisely. However,
withtheuseof*Lichtenbergfigures’techniques,andmorerecentlywithhigh-speedphotographic
techniques, it has been possible to achieve some understanding of the various discharge stages
preceding breakdown under impulse voltages.

The observations have shown that when a positive voltage pulse is applied to a point
electrode, the first detectable ionization is of a filamentary branch nature, as shown
diagrammatically in Fig. 2.1(a). This discharge is called a streamer and is analogous to the case
ofuniform fieldgapsathigherpdvalues.As theimpulsevoltagelevelisincreased,thestreamers grow
both in length and their number of branches as indicated in Figs 2.1(b) and (c). One of the
interesting characteristics is their large number of branches which never cross each other. The
velocity of the streamers decreasesrapidly as they penetratethelow field region.

Negativeorcathodecorona

Withanegativepolaritypoint-planegapunderstaticconditionsabovetheonsetvoltage
thecurrentflowsinveryregularpulsesasshowninFig.2.2(b),whichindicatesthenatureofasingle
pulse and the regularity with which the pulses are repeated. The pulses were studied in detail
by Trichel and are named after their discoverer as‘Trichel pulses’.
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Figure:2.2Trichelpulsefrequency—voltagerelationshipfordifferentgaplengthsinair(r=0.75mm)

The onset voltage is practicallyindependent ofthe gap lengthandin value is closeto the
onset of streamers under positive voltage for the samearrangement.

Thepulsefrequency increases with thevoltage and depends upon theradius ofthe cathode,
thegaplengthandthepressure. Therelationshipbetweenthepulsefrequencyandthegapvoltage for
different gap lengths and a cathode point of 0.75mm radius in atmospheric air is shown in Fig.
2.2. A decreasein pressure decreases the frequency oftheTrichel pulses.

IONIZATIONANDDECAYPROCESSES

Atnormaltempera_t yrea ndpressu req9 asesareexcellentinsulators. Theconductioninair
atlowfieldisintheregion10 - Alcm2.Thesecurrentresultsfromcosmicradiations

andradioactivesubstancespresentinearthandtheatmosphere. Athigherfieldschargedparticles may
gain sufficient energy between collisions to causeionization on impact with neutral molecules.

It was shown in the previous section that electrons onaverage lose little energy in elastic
collisionsandreadilybuilduptheirkineticenergywhichmaybesuppliedbyanexternalsource,
e.g. an applied field. Ontheotherhand, duringinelasticcollisions alargefraction oftheirkinetic
energy is transferred into potential energy, causing, for example, ionization of the struck
molecule. lonization by electron impact is for higher field strength the most important process
leadingtobreakdown ofgases. The effectivenessofionization by electronimpact dependsupon the
energythat an electron can gainalong the mean free pathinthe direction of the field.
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Figure:2.3Variationofionizationcross-sectionsforO2,N2,H2withelectronenergy

Thissimplemodelisnotapplicableforquantitativecalculations,becauseionizationby
collision, as are all other processes in gas discharges, is a probability phenomenon, and is
generallyexpressedintermsofcross-sectionforionizationdefinedastheproductPic=ciwherePiisthe
probability of ionization on impact and o is the molecular or atomic cross-sectional area for
interception defined earlier. The cross-section &i is measuredusing monoenergetic electron

beams of different energy. The variation of ionization cross-sections for H2, 02, and N2 with
electron energy.

It is seen that the cross-section is strongly dependent upon the electron energy. At
energies below ionization potential the collision may lead to excitation of the struck atom or
molecule which on collision with another slow moving electron may become ionized. This
process becomes significant only when densities of electrons are high. Very fast moving
electrons may pass near an atom without ejecting an electron from it. For every gas there exists
an optimum electron energy range which givesa maximum ionization probability.

TOWNSEND’SCRITERION

Townsendfirstionizationcoefficient

In the absence of electric field the rate of electron and positive ion generation in an
ordinarygasiscounterbalanced by decayprocessesanda stateofequilibriumexists. Thisstateof
equilibrium will be upset upon the application of a sufficiently high field. The variation of the
gas current measured between two parallel plate electrodeswas first studied asa function ofthe
applied voltage by Townsend.



Current

Voltage
Figure:2.4Current-voltagerelationshipinpresparkregion

Townsend found that the current at first increased proportionately with the applied
voltage and then remained nearly constant at a value i0 which corresponded to the background
current(saturationcurrent),orifthecathodewasirradiatedwithau.v.light,iogavetheemitted

photocurrent. At still higher voltage the current increased above the value i0 at an exponential
rate. The general pattern ofthe current—voltage relationship is shown schematically in Fig. 2.4.

TheincreaseincurrentbeyondV?2 Townsendascribedtoionizationofthegasbyelectron
collision. As the field increases, electrons leaving the cathode are accelerated more and more

between collisions until they gain enough energy to cause ionization on collision with gas
molecules or atoms.

\_ Anode
dx ‘ £
X 1 .
i —f Cathode

(@)

Figure:2.5Schematicrepresentationofelectronmultiplication(a)gaparrangemen
t,(b) Electron avalanche

To explain this current increase Townsend introduced a quantity o, known as Townsend’s
first ionization coefficient, defined as the number of electrons produced by an electron per unit
length of pathin the directionof the field.Thus if weassumethat nisthenumber of electronsat
adistancex fromthe cathodeinfielddirection(Fig.2.5) theincreaseinelectronsdninadditional
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distancedxisgivenby
dn=ondx. 2.9

Integrationoverthedistance(d)

n=noe®d 210

wherenoisthenumberofprimaryelectronsgeneratedatthe cathode. In termsofcurrent, with
10 the current leaving the cathode, eqn (2.10) becomes

I=1pe®d 2.11
ad
Theterme iscalledtheelectronavalancheanditrepresentsthenumberofelectrons

producedbyoneelectronintravellingfromcathodetoanode. Theelectronmultiplicationwithin the
avalanche is shown diagrammatically in Fig. 2.3.

L §

E i e-(ci/kT)[Vi/(E/p)]:A(T)e-[B(T)/(E/p)] 2.12
Where

AD=B= S 2.13

WhereA&BarethelonizationConstants.

It cannot be expected that the real dependence of a/p upon E/p agrees with measured
values within the whole range of E/p, because phenomena which have not been taken into
accountare influencing theionizationrate. However, even with constant values of Aand B, eqgn
(5.47)determinestheionizationprocesswithincertainrangesofE/p.Therefore, forvariousgases
the‘constants’ Aand B have been determined experimentallyand can be found in the literature.

Theconstants A and B in eqn (2.13),as derived from kinetictheory, rarely agree with the
experimentally determined values. The reasons for this disagreement lies in the assumptions
made in our derivations. We assumed that every electron whose energy exceeds eVi will
automatically lead to ionization. In reality the probability ofionization for electrons with energy
justabovetheionizationthresholdissmallanditrises slowlytoa maximumvalueofabout0.5at
4to6timestheionizationenergy.Beyondthatitdecreases.Wehavealsoassumedthatthe mean free path
is independent of electron energy which is not necessarily true. A rigorous treatment would
requiretaking account ofthe dependenceofthe ionization cross-sectionupon the electron energy.

Page320f152
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TownsendSecondlonisationCoefficient
Fromtheequation

eoxWehave,takinglogonboththesides.

Inl=Inl0+ax 2.14

Thisisastraightlineequationwithslopeaandinterceptln I0asshowninFig.2.5iffor a given
pressure p, E is kept constant.

Inl

Inls

Figure:2.6Variationofgapcurrentwithelectrodespacinginuniformg

Townsendinhisearlierinvestigationshadobservedthatthecurrentinparallelplategap
increased more rapidly with increase in voltage as compared to the one given by the above
equation.Toexplainthisdeparturefromlinearity, Townsendsuggestedthat asecondmechanism must
be affecting the current. He postulated that the additional current must be due to the presence of
positive ions and the photons. The positive ions will liberate electrons by collision with gas
molecules and by bombardment against the cathode. Similarly, the photons will also release
electrons after collision with gas moleculesand from the cathodeafter photonimpact.

Let us consider the phenomenon of self-sustained discharge where the electrons are
released from the cathode by positiveion bombardment. Let nO bethe number of electrons

releasedfromthecathodebyultravioletradiation, n+thenumberofelectronsreleased fromthe
cathodeduetopositiveionbombardmentandnthenumberofelectronsreachingtheanode.Let v,
known as Townsend second ionization co-efficient be defined as the number of electrons
released from cathode per incident positive ion, Then

uu
n=(n0+n+
(n0 )e 2.15

Nowtotalnumberofelectronsreleasedfromthecathodeis(n0-+n+)andthosereachingthe anode are n,
therefore, the number of electrons released from the gas = n — (n0 + n+), and
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correspondingto each electronreleased from the gasthere will beone positiveionandassuming
each positive ion releases v effective electrons from the cathode then
o+
n+=vn “vn0 vn
Substitutingn+forn,wehave

ne etd ny ed

N=1+vn(1—-e®d)—1-v(e®d-1)

In practice positive ions, photons and metastable, all the three may participate in the
processofionization. It dependsupontheexperimental conditions. There may be morethanone
mechanism producingsecondaryionizationinthedischargegapand,therefore, itiscustomaryto
expressthe net secondary ionization effect by a single coefficient v and represent the current by
the above equation keeping in mind that v may represent one or more of the several possible
mechanism.

v=vl+v2+v3+.....

Itisto be notedthat the value of v dependsuponthe work function ofthe material.Ifthe
workfunctionofthecathodesurfaceislow,underthesameexperimental conditionswillproduce more
emission. Also, the value ofvis relatively smallat low value ofE/pand willincrease with increase
in E/p.

This is because at higher values of E/p, there will be more number of positive ions and
photonsofsufficiently large energy to cause ionization upon impact on the cathode surface.Itis to
be noted that the influence of v on breakdown mechanism is restricted to Townsend breakdown
mechanism i.e., to low-pressure breakdown only.

TownsendBreakdownMechanism

When voltage between the anode and cathode is increased, the current at the anode is
given by

_ ]oe“d

_1—v(e“d-1)
Thecurrentbecomesinfiniteif

1y "1)=0
or . v( -1)=1

od

or ve =1

od
Sincenormally e >>1

The current in the anode equals the current in the external cirrcuit. Theoretically the current
becomesinfinitely large under the above mentioned condition but practically it islimited by the
resistance of the external circuit and partially by the voltage drop in the arc.
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ad
Theconditionve =1definestheconditionforbeginningofsparkandisknownasthe
TownsendcriterionforsparkformationorTownsendbreakdowncriterion.Usingtheabove  equations,
following three conditions are possible.

« v =1
Thenumberof ionpairs produced inthegap bythepassageofarcelectronavalancheis

sufficientlylargeandtheresultingpositiveionsonbombardingthecathodeareableto

relaseonesecondaryelectron and socausearepetition oftheavalancheprocess. The
dischargeisthensaidtobeself-sustained  asthedischargewillsustainitselfevenif the

- .. d :
sourceproduc1ng11sremoved.Therefore,thecond1t10nvea =1definesthe threshold

sparkingcondition.

s ver >l N |
Id'r%rv?/'s%ézrg%%?gfﬁ%ﬁ?gr ysuccesd eavalznchelzlscumuIatlve.Thesparkdlscharge
ve exceedsunity.

o verd <1

0
Herethecurrentlisnotself-sustainedi.e.,onremovalofthesourcethecurrentl toflow. ceases
PASCHEN’SLAW
TheTownsend’sCriterion
od
vie -1)=1

enablesthe evaluation ofbreakdown voltage of the gap by the use ofappropriate values
of a/p and v corresponding to the values E/p when the current is too low to damage the cathode
and also the space charge distortions are minimum. A close agreement between the calculated
and experimentally determined values is obtained when the gaps are short or long and the
pressure is relatively low. An expression for the breakdown voltage for uniform field gaps as a
functionofgaplengthandgaspressurecanbederivedfromthethresholdequationbyexpressing the
ionization coefficient a/pasa function of field strengthE and gas pressure p i.e.,

vo

Vb min

\

Pd) min pd

Figure:2.7Paschen’slawcurve
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Substitutingthis,wehave
1 1
-+1
EtEppd— ¥

Takinglnboththesides,wehave

f(5)pd = in[2+1] =ksay

¥p
ForuniformfieldE=« ;

(i
or f (s) o, ;ﬁd
or Vb=F(p.d)

This shows that the breakdown voltage ofa uniform field gap is a unique function ofthe
product of gas pressure and the gap length for a particular gas and electrode material. This
relation is known as Paschen’s law. This relation does not mean that the breakdown voltage is
directlyproportionaltoproductpdeventhoughitisfoundthatforsomeregionoftheproductpd the
relationis linear i.e., the breakdown voltage varieslinearly with the product pd.

STREAMERORKANALMECHANISMOFSPARK

w 0% nowthatthe chargesin betweenthe electrodesseparatedbyadistancedincreaseby

afactore  whenfieldbetweenelectrodesis uniform.Thisisvalidonly ifweassumethat the
fieldEQO=V/disnotaffectedbythespacechargesofelectronsandpositiveions.Raetherhas

observedthatifthechargeconcentrationishigherthan10we butlowerthan10 thegrowthofan avalanche s

akened i.e., dn/dx < eOLd

Whenever the concentration exceedslog, theavalanche current is followed by steep rise
in current and breakdown of the gap takes place. The weakening of the avalanche at lower
concentrationandrapidgrowthofavalancheathigherconcentrationhavebeenattributedtothe
modificationoftheelectricfieldEoduetothespacechargefield. Fig.2.6showstheelectricfield
aroundanavalancheasitprogressesalongthegapandtheresultantfieldi.e.,thesuperposition
ofthe space charge field and the original field E0. Since the electrons have higher mobility, the
space charge at the head of the avalanche is considered to be negative and is assumed to be
concentrated within a spherical volume. It can be seen fromFig. 2.6 that the filed at the head of
the avalanche is strengthened.
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Figure:2.8Fieldredistributionduetospacecharge

Thefieldbetweenthetwoassumedchargecentresi.e.,theelectronsandpositiveionsis
decreased as the field due to the charge centres opposes the main fieldE0 and again the field
betweenthepositivespacechargecentreandthecathodeisstrengthenedasthespacecharge
field aids the main field E0 in this region. It has been observed that if the charge carrier number
exceeds 106, the field distortion becomes noticeable. Ifthe distortion of field is 0f1%, it would
lead to a doubling of the avalanche but as the field distortion is only near the head of the
avalanche, it does not have significance on the discharge phenomenon. However, if the charge
carrierexceed3108,thespacechargefieIdbecomesalmostofthesamemagnitudeasthemain

fieldEoand henceit may leadtoinitiation ofastreamer.Thespacechargefield, therefore,plays a very
important role inthe mechanism of electric discharge ina non-uniform gap.

Townsend suggested that the electric spark discharge is due to the ionization of
gas molecule by the electron impact and release of electrons from cathode due to positive ion
bombardmentat thecathode. Accordingto thistheory, theformativetimelag ofthespark should

be%tbesteq ualtotheelectrontransittimetr. Atpressuresaroundatmosphericandabovep.d.>

10Torr-cm,theexperimentallydeterminedtimelagshavebeenfoundtobemuchshorterthan

tr. Study of the photographs of the avalanche development has also shown that under certain
conditions, the space charge developed in an avalanche iscapable oftransforming theavalanche
into channels of ionization known as streamers that lead to rapid development of breakdown. It
hasalsobeenobservedthroughmeasurement  that  thetransformationfromavalanchetostreamer
generally takes place when the charge withintheavalanche head reachesa critical value of

ox 8
nle =10oraXc~18to20

whereXcisthelengthoftheavalancheparthinfielddirectionwhenitreachesthecriticalsize. If
thegaplengthd<Xc,theinitiationofstreamerisunlikely.

The short-time lags associated with the discharge development led Raether and
independently Meek and Meek and Loeb to theadvancement ofthe theory of streamer of Kanal
mechanismforsparkformation,inwhichthesecondarymechanismresultsfromphotoionizationofgas
molecules and is independent of the electrodes.
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Cathode <15 Anode

Figure:2.9Secondaryavalanche formationsbyphotoelectrons

RaetherandMeekhaveproposedthatwhentheavalancheinthegapreachesacertain

critical size the combined space charge field and externally applied fieldEolead to intense
ionization and excitation of the gas particles in front of the avalanche head. There is
recombination ofelectronsand positive ion resulting in generation of photonsand these photons
in turn generate secondary electrons by the photo ionization process. These electrons under the
influence of the electric field develop into secondary avalanches as shown in Fig. 2.9. Since
photons travel with velocity of light, the process leads to a rapid development of conduction
channel across the gap.

Raetherafterthoroughexperimentalinvestigationdevelopedanempiricalre lationforthe streamer

spark criterion of the form
E."

axC=17.7+Inxc+In E,
whereEristheradialfieldduetospacechargeandEQistheexternally
appliedfield.NowfortransformationofavalancheintoastreamerEr~E

Therefore, axC=17.7+In xC

For a uniform field gap, breakdown voltage through streamer mechanism is obtained on
theassumptionthatthetransitionfromavalanchetostreameroccurswhentheavalanchehasjust crossed
the gap. The equation above, therefore, becomes

ad=17.7 +Ind
WhenthecriticallengthXc>dminimumbreakdownbystreamermechanismisbroughtabout. The
condition XC = d givesthe smallest value of ato produce streamer breakdown.

Meeksuggestedthatthetransitionfromavalanchetostreamertakesplacewhentheradial ~ field
about the positive space charge in an electron avalanche attains a value of the order of the
externallyapplied field.He showedthatthevalueoftheradial fieldcanbe obtainedbyusingthe
expression.
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ax
as

Er=5.3x10 ' (*/5 '2volts/cm

wherexisthedistanceincmwhichtheavalanchehasprogressed,pthegaspressureinTorrand

atheTownsendcoefficientofionizationbyelectronscorrespondingtotheappliedfieldE.The minimum
breakdown voltage isassumed to correspondto the condition whentheavalanche has

crossed the gap oflength dand the space charge field Er approaches the externallyapplied field
i.e.,at x = d, Er = E.Substitutingthese values in the above equation, we have

as™

EF=5.3><10_7 @/p)

Takinglnonboththesides,wehave
1 1 d

d
INE=—14.5+Ina— zInz +ad INnE-Inp=—14.5+Ina—Inp—zInz +
E= 1454+ m%—1ins+ ad
odInz B 250p
The experimentally determinedvalues ofa/pand the correspondingE/pare usedto solve the
above equation using trial and error method. Values of a/p corresponding to E/p at a given
pressure are chosen until the equation is satisfied.

BREAKDOWNINNON-UNIFORMFIELDS

Innon-uniformfields,e.g.inpoint-plane,sphere-planegapsorcoaxialcylinders,the field
strength and hence the effective ionization coefficient@®vary across the gap. The electron
multiplicationisgovernedbytheintegralof“overthepath(f @ dx).Atlowpressuresthe Townsend

criterion for spark takes the form
- s — —
Y[exp (fo adx) 1] 1

wheredisthegaplength. Theintegrationmustbetakenalongthelineofthehighestfieldstrength.

a
Critical field line
| T
N e
N i o
I T
1 | T——
E(x) —.1 ,{__
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~

Figure:2.9Electricfielddistributioninanon-unif rmi‘ieldqap
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Theexpressionisvalidalsoforhigherpressuresifthefieldisonlyslightlynon-uniform.
Instronglydivergentfieldstherewillbeatfirsta regionofhighvaluesof

E/poverwhicha/p>0.WhenthefieldfalIsbeIowagivenstrengthEctheintegralf @ (xceasestoexist.

Townsend mechanism then loses its validity when the criterion relies solely on the y
effect, especially when the field strength at the cathode is low.

In reality breakdown (or inception ofdischarge) is still possible ifone takesinto account
photoionizationprocesses. Thecriterionconditionfor breakdown(orinceptionofdischarge) for the

general case may be represented to take into account thenon-uniform distribution of@or
Xe<d
expf adx = N_,
0

whereNcristhecriticalelectronconcentrationinanavalanchegivingrisetoinitiationof

astreamer(it was shownto beapprox.10),xcisthepathofavalanchetoreach this sizeanddthe gap
length.

[**“@dx =InN,, ~ 18 — 20 2.15

Figure 2.9 illustrates the case of a strongly divergent field in a positive point plane gap.
Equation (2.15) is applicable to the calculation of breakdown or discharge inception voltage,
depending on whether direct breakdown occurs or only corona.

BREAKDOWNINLIQUIDDIELECTRICS

Liquid dielectricsare used for filling transformers, circuit breakersand asimpregnatesin
high voltage cables and capacitors. For transformer, the liquid dielectric is used both for
providing insulation between the live parts of the transformer and the grounded parts besides
carrying out the heat from the transformer to the atmosphere thus providing cooling effect. For
circuit breaker,again besidesproviding insulation betweentheliveparts andthegrounded parts,
theliquid dielectric isusedtoquenchthearc developed between the breakercontacts.The liquid
dielectrics mostly used are petroleum oils. Other oils used are synthetic hydrocarbons and
halogenated hydrocarbons and for very high temperature applications sillicone oils and
fluorinated hyrocarbons are also used.

The three most important properties of liquid dielectric are (i) The dielectric strength (ii)
The dielectric constant and (iii) The electrical conductivity. Other important properties are
viscosity, thermal stability, specific gravity, flash point etc. The most important factors which
affect the dielectric strength of oil are the, presence of fine water droplets and the fibrous
impurities.The presenceofeven0.01% waterin oil bringsdownthedielectric strengthto20%of the
dry oil valueand the presence of fibrousimpurities brings down the dielectric strength much
sharply. Therefore, whenever theseoilsareused for providing electrical insulation, these should
be free from moisture, products of oxidation and other contaminants.
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Table:2.1.Dielectricpropertiesofsomeliquids

S.No. Property Transformer Capacitor Cable Silicone
Oil Oil Oil Oil
. | Relative permittivity 50 Hz 22-23 2.1 23-26 2.7-3.0
2. | Breakdown strength at 12 kV/mm 18 kV/mm 25 kV/mm 35 kV/mm
20°C 2.5 mm 1 min
3. | (a) Tan850Hz 10 2.5 x 104 2107 103
(b) 1 kHz 53104 104 10 104
Resistivity ohm-cm 102 — 1013 1013 — 10 1012 - 1013 2.5 x 1014
Maximum permissible water
content (ppm) 50 50 50 <40
Acid value mg/gm of KOH NIL NIL NIL NIL
Sponification mg of KOH/gm 0.01 0.01 0.01 < 0.01
of oil
8. Specific gravity at 20°C 0.89 0.89 0.93 1.0-1.1

The main considerationin the selection ofa liquid dielectricisitschemical stability. The
other considerationsarethecost, thesavinginspace, suptibilitytoenvironmentalinfluencesetc. The
use of liquid dielectric has brought down the size of equipment tremendously. In fact, it is
practicallyimpossibletoconstructa765kVtransformerwithair astheinsulatingmedium. Table
2.1.Showsthepropertiesofsomedielectricscommonlyusedinelectricalequipments.

Liquids which are chemically pure, structurally simple and do not contain any impurity
even in traces of 1 in 109, are known as pure liquids. In contrast, commercial liquids used as
insulating liquidsare chemically impure and contain mixturesof complex organic molecules. In
fact theirbehaviouris quiteerratic. Notwo samples ofoil taken out from thesamecontainerwill
behave identically. The theory of liquid insulation breakdown is less understood as of today as
compared to the gas or even solids. Many aspects of liquid breakdown have been investigated
over the last decades but no general theory has been evolved so far to explain the breakdown in
liquids. Investigations carried out so far, however, can be classifiedintotwo schools of thought.

_High field

Saturation

<

Conduction cument

Linear

(a) (b)

Figure:2.10Variationofcurrentasafunctionofelectricfield
(a) Highfields(b)Lowfields
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Thefirstonetriesto explainthe breakdowninliquidsona model whichisanextensionof
gaseousbreakdown, based on theavalancheionization oftheatomscaused by electon collisiron in
the applied field. The electrons are assumed to be ejected from the cathode into the liquid by
either a field emission or by the field enhancedthermionic effect (Shottky’s effect).
Thisbreakdownmechanismexplainsbreakdownonlyofhighlypureliquidanddoesnotapplytoexplain
the breakdown mechanism in commercially available liquids.

It has been observed that conduction in pure liquids at low electric field (1 kV/cm) is
largely ionic due to dissociation of impurities and increases linearily with the field strength. At
moderately high fields the conduction saturates but at high field (electric), 100 kV/cm the
conduction increases more rapidly and thus breakdown takes place. Fig. 2.10 (a) shows the
variation of current as a function of electric field for hexane. This is the condition nearer to
breakdown. However, if the figure is redrawn starting with low fields, a current-electric field
characteristic as shown in Fig. 2.10 (b) will be obtained.

The second school of thought recognises that the presence of foreign particles in liquid
insulations has a marked effect on the dielectric strength of liquid dielectrics. It has been
suggested that the suspended particles are polarizable and are of higher permittivity than the
liquid. These particles experience an electrical force directed towards the place of maximum
stress. With uniform field electrodes the movement of particles is presumed to be initiated by
surface irregularitiesonthe electrodes, whichgiverise to local field gradients.The particlesthus get
accumulated and tend to form a bridge across the gap which leads finally to initiation of
breakdown. The impurities could also be in the form of gaseous bubbles which obviously have
lower dielectric strength than the liquid itself and hence on breakdown of bubble the total
breakdown of liquid may be triggered.

ElectronicBreakdown

Onceanelectronisinjectedintotheliquid,itgainsenergyfromtheelectricfieldapplied betweenthe
electrodes. It is presumed that some electrons will gain more energy due to fieldthan they would
lose during collision.Theseelectronsareacceleratedunder the electricfield and would gain
sufficient energy to knock out an electron and thus initiate the process of avalanche. The
threshold condition for the beginning of avalanche is achieved when the energy gained by the
electron equalsthe energylost duringionization (electron emission) and is given by

eAE=Chv

wherelAisthemeanfreepath,hvistheenergyofionizationandCisaconstant.
Table2.2givestypicalvaluesofdielectricstrengthsofsomeofthehighlypurifiedliquids.

The electronic theory whereas predicts the relative values of dielectric strength
satisfactorily, the formative time lags observed are much longer as compared to the ones
predicted by the electronic theory.

Table:2.2.Dielectricstrengthsofpureliquids
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Liquid Strength (MV/cm)
Benzene 1.1
Goodoil 1.0-4.0
Hexane 1.1-1.3
Nitrogen 1.6-1.88
Oxygen 24
Silicon 1.0-1.2

BREAKDOWNINSOLIDDIELECTRICS

Solid insulating materials are used almost in all electrical equipments, be it an electric
heater or a 500 MW generator or a circuit breaker, solid insulation forms an integral part of all
electrical equipments especially when the operating voltages are high. The solid insulation not
only provides insulation to the live parts of the equipment from the grounded structures, it
sometimes provides mechanical support to the equipment. In general, of course, a suitable
combination of solid, liquid and gaseous insulations is used.

The processes responsible for the breakdown of gaseous dielectrics are governed by the
rapid growth of current due to emission of electrons from the cathode, ionization of the gas
particles and fast development of avalanche process. When breakdown occurs the gases regain
their dielectric strength very fast, the liquids regain partially and solid dielectrics lose their
strength completely.

The breakdown of solid dielectrics not only depends upon the magnitude of voltage
applied but also it is a function of time for which the voltage is applied. Roughly speaking, the
product of the breakdown voltage and the log of the time required for breakdown is almost a
constant i.e,

Vb=1ntb=constantThe
characteristicsisshowninFig.2.11

P Intrinsic, Electromechanical

Avalanche

a~

_ Erosion, Electrochemical

A}

Figure:2.11VariationofVbwithtimeofapplication
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The dielectric strength of solid materials is affected by many factors viz. ambient
temperature, humidity, duration of test, impurities or structural defects whether a.c., d.c. or
impulse voltages are being used, pressure applied to these electrodes etc. The mechanism of
breakdown in solids is again less understood. However, as is said earlier the time of application
playsan importantrole in breakdown process, for discussion purposes, it isconvenient to divide
the time scale of voltage application into regions in which different mechanisms operate. The
various mechanisms are:

¢ IntrinisicBreakdown

o ElectromechanicalBreakdown

e BreakdownDuetoTreeingandTrackinge
Thermal Breakdown

e ElectrochemicalBreakdown

Intrinsicbreakdowninsolids

If the dielectric material is pure and homogeneous, the temperature and environmental
conditions suitably controlled and if the voltage is applied for a very short time of the order of
10-8 second,the dielectric strength ofthe specimenincreasesrapidlytoan upperlimitknownas
intrinsic dielectric strength. Theintrinsic strength, therefore, depends mainlyupon the structural
design of the material i.e., the material itself and is affected by the ambient temperature as the
structure itself might change slightly by temperature condition.

2022777

Figure:2.12Specimendesignedforintrinsicbreakdown

In order to obtain the intrinsic dielectric strength of a material, the samples are so
preparedthat thereis high stressinthecentre ofthe specimenand muchlow stressatthecorners

asshowninFig.2.12.Theintrinsicbreakdownis obtainedintimesoftheorderof10_8sec,and,therefore,
hasbeenconsideredtobeelectronicinnature.

The stresses required are of the order of one million volt/cm. The intrinsic strength is
generally assumed to have been reached when electrons in the valance band gain sufficient
energy fromthe electric fieldto crossthe forbidden energy band to the conduction band. In pure
andhomogenousmaterials,thevalence andthe conductionbandsareseparatedbyalargeenergy gap at
room temperature, no electron can jump from valance band to the conduction band.
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The conductivity of pure dielectrics at room temperature is, therefore, zero. However, in
practice, no insulating material is pure and, therefore, has some impurities and/or imperfections
in theirstructural designs. Theimpurity atoms mayact as traps forfreeelectrons in energylevels
that lie just below the conduction band is small. An amorphous crystal will, therefore, always
have some free electrons in the conduction band. At room temperature some of the trapped
electrons will be excited thermally into the conduction band as the energy gap between the
trapping band and the conduction band is small.

An amorphous crystal will, therefore, always have some free electrons in the conduction
band.Asanelectricfieldisapplied,theelectronsgainenergyandduetocollisionsbetweenthem the
energyisshared byall electrons.Inanamorphousdielectric the energygained by electronsfrom the
electric field is much more than they can transfer it to the lattice. Therefore, the temperature
ofelectrons will exceedthelattice temperatureandthis will resultintoincrease in the number of
trapped electrons reaching the conduction band and finally leading to complete breakdown.
When an electrode embedded in a solid specimen is subjected to a uniform electric field,
breakdown may occur.

An electron entering the conduction band of the dielectric at the cathode will move
towardstheanodeunderthe effect oftheelectric field.During its movement,it gainsenergyand on
collision it loses a part of the energy. If the mean free path is long, the energy gained due to
motion is more than lost during collision. The process continues and finally may lead to
formation of an electron avalanche similar to gases and will lead finally to breakdown if the
avalanche exceeds a certain critical size.

ELECTROMECHANICALBREAKDOWN

Whena dielectric material issubjected toan electric field, charges ofoppositenatureare
inducedon the two opposite surfaces ofthe materialand hencea force ofattractionis developed and
the specimen is subjected to electrostatic compressive forcesand when these forces exceed the
mechanical withstands strength ofthe material, the material collapses.If theinitialthickness

ofthematerialisdOandiscompressedtoathicknessdundertheappliedvoltageVthenthe compressive stress
developed due to electric field is

1 v?
F = Esosrﬁ
whereelis  therelativepermittivity —ofthespecimen. Ifyis theYoung’smodulus, themechanical
compressive strength is dg
yln —

Equatingthetwou nderequilibriumcondition,weﬁlave

1 & : d,
— £, — = yln—
2 0 r 42 Y
5 , 2 d 5+
vi= @2 L =g d?m=2
B d d
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Differentiatingwithrespecttod,wehave

dv dy ., d d,
2V—=K[2dln——d".—.—:]=0

dd d d, "d2
or 2dIn e =
or ln%= %
or dio= 0.6

For any real value of voltage V, the reduction in thickness of the specimen cannot be
more than 40%. If the ratio V/d at this value of V is less than the intrinsic strength of the
specimen, a further increasein V shall make the thicknessunstableandthe specimen collapses.

The highest apparent strength is then obtained by substituting d = 0.6 dO in the above

expressions.
1r

v | 2y v ol
Y= [Pn167 o +=E, =06 {1}
d A Zo%r dg 292y

The above equation is approximate only as y depends upon the mechanical stress. The
possibility of instability occurring for lower average field is ignored i.e., the effect of stress
concentration at irregularities is not taken into account.

THERMALBREAKDOWN

When an insulating material is subjected to an electric field, the material gets heated up
due to conduction current and dielectric losses due to polarization. The conductivity of the
materialincreases withincreaseintemperatureanda conditionofinstabilityisreached whenthe heat
generated exceeds the heat dissipated by the materialand the material breaks down.

A

Heat T
gained or
loss

Ta Ty T2 Temperature

Figure2.13Thermalstabilityorinstabilityofdifferentfields
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Fig. 2.13 shows various heating curves corresponding to different electric stresses as a
functionofspecimentemperature. Assumingthatthetemperaturedifferencebetweentheambient
andthespecimentemperatureis small, Newton’slawofcoolingisrepresentedbya straightline.

The testspecimen is at thermal equilibrium corresponding to field E1 at temperature T1
asbeyond that heat generated islessthan heat lost. Unstable equilibriumexists for field E2 at T2,

andforfieldE3thestateofequilibriumisneverreachedandhencethespecimenbreaks
downthermally.

Direction
of _ 1
heat flow

B —5 Heat flow

————— Fope T

Figure:2.14.Cubicalspecimen—Heatflow

Inorder to obtainbasic equationfor studyingthermal breakdown, let us consider a small
cube(Fig.2.14)withinthedielectricspecimenwithsideAxandtemperaturedifferenceacrossitsfacesinthe
direction of heat flow (assume here flow is along x-direction) is AT. Therefore, the temperature
gradient is

NE.... dT
Ax  dx
LetAx2=A.Theheatflowacrossfacel
dT
KAdx Joules

Heatflowacrossface2

A dT e d (dT) -
dx dx \dx =

Herethe second termindicatestheheat input to the differential specimen. Therefore, the
heat absorbed by the differential cube volume

d (dT
R {a) A"zxi(ﬂ)
AV dx \dx

Theheatinputtotheblockwillbepartlydissipatedintothesurroundingandpartlyitwill
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raisethetemperatureoftheblock.LetCVbethethermalcapacityofthedielectric,cthe
electricalconductivity,Etheelectricfieldintensity. Theheatgeneratedbytheelectricfield=

oE2watts,andsupposetheriseintemperatureoftheblockisAT, intimedt,thepowerrequiredtoraisethetemperature
of the block by AT is
C ol tts
,— wat
Vdt
df , g 4 (4T\ _ g2
Therefore, .o+ K (Z)= oE

Thesolutionoftheaboveequationwillgive usthetimerequiredto reachthecritical
temperatureTcforwhichthermalinstabilitywillreachandthedielectricwillloseitsinsulatingproperties.

However,unfortunatelytheequationcanbesolvedinitspresentfromCV,Kandoisall ~ functions of
temperatureandin fact c mayalso depend on the intensity of electrical field.

Therefore,toobtainsolutionoftheequation,wemakecertainpracticalassumptionsand we
consider two extreme situations for its solution

Table:2.3Thermalbreakdownvoltage

Material Maximum thermal voltage in
MV/em
d.c. a.c.
Ceramics HV Steatite = 9.8
LF Steatite — 1.5
High grade porcelain 2.8
Organic materials Ebonite — 1.45-2.75
Polythene 3.5
Polystyrene 5.0
Polystyrene at 1 MHz 0.05
Acrylic resins 0.3-1.0
Crystals Mica muscovite 24 7-18
Rock salt 38 1.4
Quartz Perpendiculars to axis 12000 —
Paralle to axis 66 —
Impure — 2.2

Table2.3givesforthick
specimen,thermalbreakdownvaluesforsomedielectricundera.c.andd.c.voltagesat20°C.

BREAKDOWNINCOMPOSITEDIELECTRICS

Avacuumsystemisoneinwhichthepressuremaintainedisatavaluebelowthe
atmosphericpressureandismeasuredintermsofmmofmercury.Onestandardatmospheric
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pressureat0°Cisequalto760mmofmercury.OnemmofHgpressureisalsoknownasone torr after the
name of Torricelli who was the first to obtain pressures below atmosphere, with the help of

. -3 . i . . .
mercury barometer. Sometimes 10 ~ torr is known as one micron. It is now possible to obtain
-8
pressures as low as 10  torr.

InaTownsendtype ofdischarge,ina gas, the mean freepathoftheparticlesis smalland
electronsget multiplied dueto variousionization processesandan electron avalancheisformed. In a
vacuum of the order of 10-5 torr, the mean free path is of the order of few meters and thus when
theelectrodes areseparated by afewmm an electroncrosses thegap without any collision.
Therefore, in a vacuum, the current growth prior to breakdown cannot take place due to
formation of electron avalanches.

However, if it could be possible to liberate gas in the vacuum by some means, the
dischargecould takeplaceaccording to Townsend process.Thus, a vacuumarcisdifferent from the
general class of low and high pressure arcs. In the vacuum arc, the neutral atoms, ions and
electrons donot come fromthe mediumin which thearcis drawn butthey areobtained fromthe
electrodesthemselvesby  evaporatingitssurfacematerial.Becauseofthelargemean  freepathfor
theelectrons,thedielectric strengthofthevacuumisa thousandtimes morethan whenthegasis used as
the interrupting medium.

Inthisrangeofvacuum,thebreakdownstrengthisindependentofthegasdensityand  depends
only on the gap length and upon the condition of electrode surface. Highly polished and
thoroughly degassed electrodes showhigher breakdown strength.Electrodesgetroughenedafter
use and thus the dielectric strength or breakdown strength decreases which can be improved by
applyingsuccessivehighvoltageimpulseswhichofcoursedoesnotchangetheroughened surface but
removes the loosely adhering metal particles from the electrodes which were deposited during

: —6
arcing.lthasbeenobservedthatforavacuumof10 torr,someofthemetals
likesilver,bismuth-copperetc.attaintheirmaximumbreakdownstrengthwhenthegapisslightly  less
than 3 mm.Thisproperty ofvacuum switches permits theuse ofshort gaps for fast operation.

ELECTRICDISCHARGEINVACUUM

The electric discharge in vacuum results from the neutral atoms, ions and electrons
emitted from the electrodes themselves. Cathode spots are formed depending upon the current
flowing. For low currents a highly mobile cathode spot is formed and for large currents a
multiplenumberofcathodespotsareformed.These spotsconstitutethemainsourceofvapourin the arc.
The processes involved in drawing the discharge will be due to high electric field between the
contacts or resistive heating produced at the point of operation or a combination of the two. The
cathode surfaces, normally, are not perfectly smooth but have many micro projections.

Duetotheir smallarea of cross-section, theprojections will suffer explosiveevaporation by
resistive heating and supply sufficient quantity of vapour for the arc formation. Since in case of
vacuum, the emission occurs onlyat the cathode spotsand not from the entire surface ofthe
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cathode,thevacuumdischargeisalsoknownascoldcathodedischarge.Incoldcathodethe emission of
electrons could be due to any ofthe combinations ofthe following mechanisms:

Field emission; (ii) Thermionic emission; (iii) Field and Thermionic emission; (iv)
Secondary emission by positiveion bombardment; (v) Secondary emission by photons; and (vi)
Pinch effect. The stability of discharge in vacuum depends upon: (i) the contact material and its
vapour pressure, and(ii) circuit parameterssuchas voltage, current,inductanceandcapacitance. It
has been observedthat higher the vapour pressureat low temperaturethe better is the stability of
the discharge. There are certain metals like Zn, Bi which show these characteristics and are
better electrode materials for vacuum breakers. Besides the vapour pressure, the thermal
conductivity of the metal also affects the current chopping level. A good heat conducting metal
will cool its surface faster and hence its electrode surface temperature will fall which will result
intoreductionin evaporation rate andarc willbe chopped because ofinsufficient vapour.Onthe
other hand,abadheat conductor will maintainitstemperatureandvaporization foralongertime and
the arc will be more stable.

Theprocessofmultiplicationofchargedparticlesbythe processofcollisionisverysmall in the
space between the electrodes in vacuum, electron avalanche is not possible. If somehow a gas
cloud could be formed in vacuum, the usual kind of breakdown process can take place. This is
the line of action adopted by the researchers to study mechanism of breakdown in vacuum. By
finding the way, gas cloud could be created in a vacuum.

PROBLEMS

1. A steady current of600 pA flows through the plane electrode separated by a distance of0.5
cmwhenavoltageof10kVisapplied.DeterminetheTownsend’sfirstionizationcoefficient if
acurrent of60 pA flows when the distance ofseparationis reducedto0.1 cmand the field is
kept constant at the previous value.

Solution:Sincethefieldiskeptconstant(i.e.,ifdistanceofseparationisreduced,thevoltageisalso
reduced by the same ratio so that \VV/d iskept constant).

ox
=10 e
Substitutingtwodifferentsetsofvalues,
0.5a 0.1a
wehave600=10e and60=10e or
10=€0.404r0 4 g=1n10
0.40=2.3026

a=5.75ionizingcollisions/cm.

2. ThefollowingtablegivestwosetsofexperimentalresultsforstudyingTownsend’smec
hanism. The field is kept constant in each set:
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I set 30 kV/em

Gap distance (mm)

0.5
1.0
15
2.0
2.5
3.0
3.5
4.0
5.0

II set kV/em
Observed current A
1 set 1l set
1.5 x 10-13 6.5 x 10-14
5 x 10-13 2.0 x 10-13
8.5 x 1013 4x 1013
1.5 x 1012 8 x 10°13
5.6 x 10-12 1.2 x 10-12
1.4 x 10-10 6.5 x 10-12
1.4 x 1010 6.5 x 101!
1.5 x 10-° 4.0 x 10-10
7.0 x 10-7 1.2 x 10-8

Themaximumcurrentobservedis6x 10_14A. DeterminethevaluesofTownsend’sfirstand

second ionization coefficients.

3. Thefollowingobservationsweremadeinanexperimentfordeterminationofdiel
ectric strength oftransformer oil. Determine the power law equation.

Gapspacing 4 6 3 10
BreakdownVoltage(kV) 88 135 165 212
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UNIT-IIl  GENERATIONOFHIGHVOLTAGESANDHIGHCURRENTS

GENERATIONOFHIGHVOLTAGESANDHIGHCURRENTS

There are various applications of high D.C. voltages in industries, research medical
sciences etc. HVDC transmission over both overhead linesand underground cablesisbecoming
more and more popular. HVYDC is used for testing HVAC cables of long lengths as these have
very large capacitance and would require very large values of currents if tested on HVAC
voltages. Even though D.C. tests on A.C. cables are convenient and economical, these suffer
fromthefactthatthestressdistribution ~ withintheinsulating materialisdifferentfromthenormal
operatingcondition.Inindustryitisbeingusedfor electrostaticprecipitationofasink inthermal power
plants, electrostatic painting, cement industry, communication systems etc.

HVDC is also being used extensively in physics for particle acceleration and in medical
equipments(X-Rays).The most efficient method of generating highD.C. voltagesisthroughthe
process of rectification employing voltage multiplier circuits. Electrostatic generators have also
beenusedforgeneratinghighD.C.voltages.AccordingtolEEEstandards4-1978,thevalueofadirect
test voltageis defined by itsarithmetic mean value VVdand is expressed mathematically as

~ L

Vy= J v{t)dt
c.

WhereT isthetime period ofthe voltage wave havinga frequency f= 1/T.Test voltages
generated using rectifiers are never constant in magnitude. These deviate from the mean value
periodically and this deviation is known as ripple. The magnitude of the ripple voltage denoted
by 6V is defined as half the difference between the maximum and minimum values of voltage
i.e.,

< 1
O =¥V~ Vo]

max min

andripplefactorisdefinedastheratioofripplemagnitudetothemeanvalueVdi.e., 6 V/Vd.

Thetest voltages should not haveripple factor more than5% oras specifiedina specific
standard for particular equipment as the requirement on voltage shape may differ for different
applications.

Half-WaveRectifierCircuit

ThesimplestcircuitforgenerationofhighdirectvoltageisthehalfwaverectifiershowninFig.
Here RLis theloadresistanceandCthe capacitance to smoothenthedace. output voltage.If the
capacitor is not connected, pulsating dace. voltage is obtained at the output terminals where
as with the capacitance C, the pulsation at the output terminal are reduced. Assuming the
ideal transformer and small internal resistance of the diode during conduction the capacitor

C is chargedtothemaximumvoltageVmaxduring conductionofthediodeD.
Assumingthatthereis no load connected, the dace. Voltage across capacitance remains
constant

Page520f152

ELECTRICALANDELECTRONICSENGINEERING



EE8701 HIGHVOLTAGEENGINEERING

at Vmax whereas the supply voltage oscillates between + Vmax and during negative half cycle
the potential of point A becomes — Vmax and hence the diode must be rated for 2Vmax. This
would also be the case if the transformer is grounded at A instead of B as shown in Fig. 3.1 (a).
Sucha circuit isknownasvoltage doublersdueto Villard for which the outputvoltage would be
taken across D. This dace. voltage, however, oscillates between zero and 2Vmax and is needed
for the Cascade circuit.

A i(t) y

) max
D I
% W% / \f v (t)
, Vg
16 C R gy,
\ /
N
B_L <

«— T —»
= (a) (b)

E Vimio -G 26y
N""'" 4
//' ! \ F/" E \\ ;
1, I—\] \\ 11 h \\ oot
T 7 -
—’lt‘V ]<' X / (c)

Figure: 3.1 (a) Single Phaserectifier(b) Output voltage without C (c) Outputvoltage with Cuff
thecircuitisloaded,theoutputvoltagedoesnotremainconstantatV max. AfterpointE(Fig.3.1 (c)), the

supply voltage becomes lessthan the capacitor voltage, diode stops conducting.

Thecapacitorcannotdischargebackintothea.c.systembecauseofonewayactionofthe  diode.
Instead, the current now flows out of C to furnish the current ill through the load. While giving
up this energy, the capacitor voltage also decreases at a rate depending on the time constant CR
of the circuitand it reachesthe point F corresponding to VV min. Beyond F, the supply voltage is
greater thanthe capacitor voltageand hencethe diodeD startsconducting chargingthecapacitor
Cagain to Vmax and alsoduring this periodit supplies current to the load also. This second pulse
of imp(ic + il) is of shorter duration than the initial charging pulse as it serve mainly to restore
intoCtheenergythatC meanwhilehadsuppliedtoload.Thus, whileeach pulseofdiodecurrent lasts
muchless thana half cycle,theloadreceives current more continuously from C. Assuming the
charge supplied by the transformer to the load during the conduction period t, which is very
small to benegligible, thecharge supplied by thetransformer to thecapacitor during conduction
equalsthe charge supplied by the capacitor totheload.Notethatic>> iL.During oneperiodT = 1/f
of thea.c voltage, a charge Q is transferred to the loadRL and is givenas

L orme T e o L
0= LzL(z) (/r_jT dt =IT=

(1)
R; f
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where | is the mean value of the dace output iL(t) and VRL(t) the dace. voltage which
includesarippleasshowninFig.2.1 (c).Thischargeis supplied bythecapacitorovertheperiod T when
the voltage changes from Vmax to Vmin over approximately period T neglecting the conduction
period of the diode. Suppose at any time the voltage of the capacitor is V and it decreases by an
amount ofdVoverthetimedt then charge delivered by thecapacitor duringthis time is

dQ= Cdv

Therefore,ifvoltagechangesfromVmaxtoVmin,thechargedeliveredbythecapacitor

JdQ:LFYWV:—CU’ —

max min )

Orthemagnitudeofchargedeliveredbythecapacitor

o=C (¥

max | min

)

Usingequation .
ged 0 = 28VC

28VC = IT
Therefore,

Or

The above equation shows that the ripple in a rectifier output depends upon the load
current and the circuit parameter like f and C. The product fC is, therefore, an important design
factor for the rectifiers. The higher the frequency of supply and larger the value of filtering
capacitor the smaller will be the ripple in the dace. output. The single phase half-wave rectifier
circuits have the following disadvantages:

®* Thesizeofthecircuitsisverylargeifhighandpuredace.outputvoltagesaredesired.
e Theh.t.transformermaygetsaturatediftheamplitudeofdirectcurrentiscomparable  with the

nominal alternating current of the transformer.

It is to be noted that all the circuits considered here are able to supply relatively low
currentsandthereforearenot suitable for highcurrentapplications suchasHVDC transmission.
When high dace. voltages are to be generated, voltage doubler or cascaded voltage multiplier
circuitsareused.Oneofthe mostpopulardoubler circuit duetoGreinacher is showninFig.3.2.
Suppose B is more positive with respect to A and the diode D1 conducts thus charging the
capacitorCltoVmaxwithpolarityasshowninFig.3.2.  DuringthenexthalfcycleterminalAof  the
capacitor C1 rises to Vmax and hence terminal M attains a potential of 2 Vmax. Thus, the
capacitor C2 ischarged to 2 Vmax through D2.Normally the voltage across the load will be less
than 2 Vmax depending upon the time constant of the circuit C2RL.
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O

Load

Figlre:3.2Greinachervoltagedoublercircuit

Cockroft-WaltonVoltageMultiplierCircuit

In 1932, Cockroft and Walton suggested an improvement over the circuit developed by
reinacher for producing high D.C. voltages. Fig. 3.3. Shows a multistage single phase cascade
circuit of the Cockroft-Walton type. No Load Operation: The portion ABM'MA is exactly
identicalto Greinarcher voltage doublers circuit andthe voltage acrossC becomes2Vmax when M
attainsa voltage 2Vmax.During the next half cycle when B becomes positive with respect to A,
potential ofM fallsand,therefore,potential ofN also falls becoming lessthan potentialat M’
henceC2ischargedthroughD2.Nexthalfcycle AbecomesmorepositiveandpotentialofM

andNrisethuschargingC"2throughD'2.FinallyallthecapacitorsC'1,C'2,C'3,C1,C2,andC3

arecharged.ThevoltageacrossthecolumnofcapacitorsconsistingofC1,C2,C3,keepson oscillating as the
supply voltage alternates.

Thiscolumn,therefore,isknownasoscillatingcolumn.However,thevoltageacrossthe

capacitancesC'1, C'2, C'3,remainsconstant andisknownassmootheningcolumn.Thevoltages at
M’, N',and O'are2 Vmax4 Vmax and 6 Vmax. Therefore, voltageacross all thecapacitorsis 2
Vmax except for Clwhere it is Vmax only. The total output voltage is 2nVmax where n is the
number of stages. Thus, the use of multistage arranged in the manner shown enables very high
voltageto beobtained. Theequal stress ofthe elements (bothcapacitorsand diodes)used is very
helpful and promotes a modular design of such generators.

Generator Loaded: When the generator isloaded, the output voltage will neverreach the
value 2n Vmax. Also, the output wave will consist of ripples on the voltage. Thus, we have to
deal with two quantities, the voltage drop AV and the ripple 6V.In 1932, Cockroft and Walton
suggested an improvement over the circuit developed by Greinacher for producing high D.C.
voltages. Fig. 2.3. shows a multistage single phase cascade circuit of theCockroft-Waltontype.

NoLoadOperation:

The portion ABM'MA is exactly identical to Greinarcher voltage doublers circuit and the
voltage across C becomes2Vmaxwhen M attainsa voltage 2Vmax.Duringthenext half cycle when B
becomespositivewithrespecttoA,potentialofMfallsand,therefore,potentialofNalsofalls

becoming less than potential at M’ hence C2 is charged throughD2. Next half cycle A becomes more
positive and potential of M and N rise thus charging C'2 throughD’2. Finally all the capacitors C'1,
C"2,C'3, C, C2, and C3 are charged. The voltage acrossthe column of capacitors
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consistingofC1,C2,C3,keepsonoscillatingasthesupplyvoltagealternates. Thiscolumn, therefore, is known
as oscillating column.

However,thevoltageacrossthecapacitances C’1,C'2,C’3,remainsconstantandisknown as
smoothening column. The voltages at M’,N’, andOare 2Vmax 4Vmax and 6 Vmax. Therefore,
voltage acrossall the capacitorsis2 Vmax except for Clwhere it is Vmax only. The total output
voltage is 2nVmax where n is the number of stages. Thus, the use of multistage arranged in the
manner shown enables very high voltage to be obtained. The equal stress of the elements (both
capacitors and diodes) used is very helpful and promotes a modular design of such generators.

GeneratorLoaded:

When the generator is loaded, the output voltage will never reach the value 2nVmax.
Also, the output wave will consist of ripples on the voltage. Thus, we have to deal with two
quantities, the voltage dropV and the ripple Suppose a charge q is transferred to the load per
cycle. Thischargeisq=I/f=1T.Thechargecomesfromthesmootheningcolumn,theseries

connectionofC’1,C'2,C'3,.1fnochargeweretransferredduring TfromthisstackviaD 1,D2,

D3, to the oscillating column, the peak to peak ripple would merely be But in practice charges
are transferred.

Theprocessisexplained withthehelpofcircuitsinFig.3.4(a)and(b).Fig.3.4(a)shows
arrangement when point A is more positive with reference to B and charging of smoothing
column takesplace and Fig.3.4 (b) showsthearrangement when in the nexthalfcycle Becomes
positive with reference to Aand charging ofoscillating column takes place. Referto Fig. 3.4(a).
Saythepotential of pointO’is now6 Vmax.Thisdischarges throughtheloadresistanceand say
thechargelost is q =IT overthecycle. This must beregainedduringthechargingcycle (Fig. 3.4 (a))

for stable operation of the generator.
o
RL

Figure:3.3multistagesinglephasecascadecircuitofthe Cockroft-Waltontype
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= 1
26V =1IT HXOC',

Casis,thereforesuppliedachargeqfromC3.ForthisC2mustacquirechargeof2gso

that it can supply g charge tothe loadand g to C3, in the next half cycle termed by cockloft and
Waltonasthe transfer cycle (Fig.3.4(b)).Similarly C'1must acquire forstabilityreasonscharge

3q so that it can supply a charge g to the load and 2q to the capacitor C2 in the next half cycle
(transfer half cycle). During the transfer cycle shown in Fig. 3.4 (b), the diodes D1, D2, D3,
conductwhenBispositivewithreferencetoA.HereC'2transfersqchargetoC3,C1transfers

charge 2q to C2 and the transformer provides change 3q.For n-stage circuit, the total ripple will
be

D5

L

(@) (b)
Figure:3.4(a)ChargingofsmootheningColumn(b)Chargingofoscillatingcolumn

= Kl i} 2 3 n
20V = 7 + + +t

(-.r" C—,rn O (-.I" I (-.ll

. I 1 2
oV = T . Ay + - G (F
:’ C n C n-1 c n-2

From above equation, it is clear that in a multistage circuit the lowest capacitors are
responsible for mostripplesanditis,therefore,desirabletoincrease thecapacitanceinthelower stages.
However, this is objectionable from the view point of High Voltage Circuit where if the
loadislargeandtheloadvoltagegoesdown,thesmaller capacitors(withinthecolumn) wouldbe
overstressed. Therefore, capacitors of equal valueareused in practical circuits i.e., C'n= C'n

—1=C’'1=Candtherippleisgivenas

A
)
J |~
L=
-
—

I n(n+l)_1’n(n+l)
2/C 2 4AfC

oV =
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The second quantity to be evaluated is the voltage drop AV which is the difference
between the theoretical no load voltage 2nVmax and the on load voltage. In order to obtain the
voltagedropAVreferto Fig.3.4 (a).HereC'lisnotchargedupto fullvoltage2Vmaxbutonlyto 2Vmax
— 39/C because of the charge given up through C1 in one cycle which gives a voltage drop
of3q/C= 31/fCThe voltage dropinthetransformer isassumedtobenegligible.Thus,C2is charged to
the voltage.

Ingeneralforan-stagegenerator

JC

I
AV.=(2=x3+2x2+1)—
R )7
AV, ="
"~ T
I .
AI‘;—l:E 2n+(n-1)}
; ¥ . ‘.
AI"H_2=E {Zn+2(n—1)+(n-2)}
AV = ra 2n+2(n—-1)+2(n—-2)+_.2x3+2x2+1}

AV =AF, + AV, _| +...+ AP,

Afteromittingl/fC,theseriescanberewrittenas:

I.=n
I,_1=2h+(n-1)

T _,=W+2(n-1)+(n-2)

IL_3=+2(n-1)+2(n-2)+(n-3)

Li=2n+2(n-1)+2(n-2)+..+2x3+2x2+1

I= Tn- Tn-]+ Tn-2+"'+ Tl
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Tosumupweaddthelasttermofalltheterms(TnthroughT1)andagainaddthelasttermofthe remaining
term and so on, i.e.,

[fn—-1)+n-2) ... +2+1]
+[2n+2nn-1)+2(n—-2)+..+2x2]
+[2n+2n-1)+...+2x4+2x3]
+R22n+2(n—-1)+..+2 x 4]
+[2n+2(n-1)+2n—-2)+ .. +2x5]+ .. [2n]

Rearrangingtheabovetermswehave
n+n—-1D)+n-2)+_.+2+1
+[m+2m-1)+2m-2)+ . +2x2+2x1]-2x1
+[2n+2m-1)+2(m—-2)+ . +2x3+2x2+2x1]-2x2-2x1

+2n+2(m-1)+2(M-2)+ . +2x4+2x3+2x2+2x1]
=3 wg-Fnd =T

Rxn+2m-1)+_.+2x2+2x1]-[2(n—1)]
+2(m—=2)+ .. +2x2+2x1]

or n-m-D+m-2)+__.+2+1
Phis(n — 1) oumber oftermz of 2 [n =+ (n—-1)+ =2 +1]
mineg2[1+(1+2)+(1+2+N+._ +. . {1+2+3+._(m-D}]

The last term (minus term) is rewritten as
M+ =D+ .+ {12535 (a1} {1+2+.. +n}]
=2l +2T¥3+ .. +nl
The nth term of the first part of the above senes 15 given as
_Inta+D

N -

= (n" +m)

Therefore, the above terms are equal to
=S (r+m-2%n
=Z )
Taking once again all the term we have
T=¥n+2m-1DEn=-%X @ -n)
=¥ n-3Xn
- r(p+l) n(r+DCn+1)
3 6
60’ +n*)-nQn® +3n+1)
6

_6nP+6n =20 =3n" =n

Hence Al = % e —2)
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[fn>4wefindthatthelineartermcanbeneglectedandtherefore,thevoltage term
approximated to

From above it is clear that for a given number of stages, a given frequency and
capacitance of each stage, the output voltage decrease linearly with load current 1. For a given
load, however, VO= (VOmax— V) may rise initially with the number of stages n, and reaches a
maximumvaluebutdecaysbeyondonoptimumnumber  ofstage.Theoptimumnumber  ofstages
assuming a constant Vmax, I, f and C can be obtained for maximum value of VO max by
differentiating above equation with respect to n and equating it to zero

O s, T
dr: 3 P:
=‘" _—I-R: 0
.I',L,,_ft‘
or "':;'7 \I 1

Substituting 1., 1 equation (2.12) we have
. heK(,, 2 Tef)

(o2 -

e =\ 3T )

It is to be noted that in general it is more economical to use high frequency and smaller
value ofcapacitancetoreducetheripplesorthe voltage dropratherthanlow frequencyand high
capacitance.CascadedgeneratorsofCockroft-Waltontypeareusedandmanufacturedworldwide
these days. A typical circuit is shown in Fig. 3.5. In general a direct current up to 20 mA is
required for high voltages between 1 MV and 2 MV. In case where a higher value of current is
required, symmetrical cascaded rectifiers have been developed. These consist of mainly two
rectifiers in cascade with a common smoothing column. The symmetrical cascaded
rectifierhasasmallervoltagedropand alsoasmallervoltageripplethanthesimplecascade. The
alternating current input to the individual circuits must be provided at the appropriate high
potential; this can be done by means of isolating transformer. Fig. 3.6 shows a typical cascaded
rectifier circuit. Each stage consists of one transformer which feedstwo half waverectifiers.
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Figure:3.5ATypicalCockroftcircuit
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Figure:3.6Cascadedrectifiercircuit

As the storage capacitors of these half wave rectifiers are series connected even the h.v.
winding ofT1cannot be grounded. This means that themain insulation between theprimaryand
thesecondarywindingofT1hastobeinsulatedforadace.voltageofmagnitudeVVmax,thepeak voltage ofT1.
The same is required for T2 also but this time the high voltage winding is at a voltage of
3Vmax. It would be difficult to provide the whole main insulation within this transformer, an
isolating transformer T suppliesT2. The cascading of every stage would thus require an
additional isolating transformer which makes this circuit less economical for more than two
stages.

ElectrostaticGenerator

In electromagnetic generators, current carrying conductors are moved against the
electromagnetic forces acting upon them. In contrast to the generator, electrostatic generators
convert mechanical energy into electric energy directly. The electric chargesare moved against
the force of electric fields, thereby higher potential energy is gained at the cost of mechanical
energy.Thebasic  principle ofoperationisexplained  withthehelpofFig.2.7.Aninsulatedbeltis
moving with uniform velocity v in an electric field of strength E (x). Suppose the width of the
belt is b and the charge density { consider a length dx of the belt, the charge dq = { bdx. The
force experienced by this charge(or the force experienced by the belt).

dF = Edg = E G bdx

F=cb [Edx
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Normallytheelectricfieldisuniform
F=gbl”
= Force = Velocity
= Fv=gbl'v

Nowcurrent
Thepowerrequiredtomovethebelt 7 = 7v = cbiv =17
Assumingnolosses,thepoweroutputisalsoequalto VI.

Fig.3.8 showsbeltdriven electrostatic generatordevelopedby VandeGraafin1931.An
insulating belt is run over pulleys. The belt, the width of which may vary from a few cms to
meters is driven ata speed ofaboutl5 to30 m/sec, by means of a motor connected to the lower
pulley. The belt near the lower pully is charged electro statically by an excitation arrangement.
The lower charge spray unit consists of a number of needles connected to the controllable dace.
source (10 kvV-100 kV) so that the discharge between the points and the belt is maintained. The
charge is conveyed to the upper end where it is collected from the belt by discharging points
connected to the inside ofan insulated metal electrode through which the belt passes.The entire
equipment is enclosed in an earthed metal tank filled with insulating gases of good dielectric
strength viz. SF6 etc. So that the potential of the electrode could be raised to relatively higher
voltage without corona discharges or for a certain voltage a smaller size ofthe equipment will
result. Also, the shape of the h.t., electrode should be such that the surface gradient of electric
field is made uniform to reduce again corona discharges, even though it is desirable to avoid
corona entirely. An isolated sphere is the most favorable electrode shape and will maintain a
uniform field E witha voltage ofEr wherer is theradius ofthe sphere.

———— H.V.terminal

pper spray points

= Upper pulley
(insulated from earth)

Motor driven pulley .

. Lower spray points

_—— Controllable spray
voitage

Figure:3.7VandeGraafgenerator
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As the h.t. electrode collects charges its potential rises. The potential at any instant is
given as V = g/C where q is the chargecollected at that instant.It appears as though ifthe charge
were collected for a long time any amount of voltage could be generated. However, as the
potential of electrode rises, the field set up by the electrode increases and that may ionize the
surrounding medium and, therefore, this would be the limiting value of the voltage. In practice,
equilibriumis established at a terminal voltage whichis suchthat the charging current

(7. 9%)
\ dt J

equals the discharge current which will include the load current and the leakage and
corona loss currents. The moving belt system also distorts the electric field and, therefore, it is
placed within properly shaped field grading rings. The grading is provided by resistors and
additional coronadischarge elements. The collector needle systemisplaced near thepoint where
the belt enters the h.t. terminal. A second point system excited by a self-inducing arrangement
enablesthedowngoing belt to becharged to thepolarity oppositeto thatoftheterminal and thus the
rate of charging of the latter, for a given speed, is doubled. The self inducing arrangement
requires insulating the upper pulley and maintaining it at a potential higher than that of the h.t.
terminal by connecting the pulley to the collector needle system. The arrangement also consists
of a row of points (shown as upper spray points in Fig. 3.7) connected to the inside of the h.t.
terminal and directed towards the pulley aboveits points of entry into the terminal.

As the pulley is at a higher potential (positive), the negative charges due to corona
discharge at the upper spray points are collected by the belt. This neutralizes any remaining
positivecharge on the belt and leaves an excess of negative charges on the downgoing belt tobe
neutralized by the lower spray points. Since these negative charges leave the h.t. terminal, the
potential of the h.t. terminal is raised by the corresponding amount. In order to have a rough
estimate ofthe current supplied by the generator,let us assumethatthe electric fieldE is normal to
the belt and is homogeneous.

We know that D = €0 E where D is the flux density and since the medium
surroundingtheh.t. terminal is say air er=1 and €0 =8.854 x 10-12 F/meter. According to Gauss
law, D =C the surface charge density. From above equation itis clear that current] depend upon _,
b and v. The belt width (b) and velocity being limited by mechanical reasons, the current can
beincreased by having higher value of {. { can be increased by using gases of higher dielectric
strengthsothatelectricfieldintensityEcouldbeincreasedwithouttheinceptionofionizationof the
medium surrounding the h.t. terminal. However, with all these arrangements, the actual short
circuit currentsarelimited only to a few mA even for large generators.

Theadvantagesofthegeneratorare:
o Veryhighvoltagescanbeeasilygenerated

* Ripple free output
o Precisionandflexibilityofcontrol
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Thedisadvantagesare:

s Lowcurrentoutput

¢ Limitationsonbelt velocityduetoitstendencyfor vibration. Thevibrationsmaymakeit
difficult to have an accurate grading of electric fields. These generators are used in
nuclear physics laboratories for particle acceleration and other processes in research
work.

Generationofhigha.c.voltages

Most of the present day transmission and distribution networks are operating on a.c.
voltagesand hence most ofthe testing equipmentsrelate to high a.c. voltages. Even though most
of the equipments on the system are 3-phase systems, a single phase transformer operating at
power frequency is the most common from of HVAC testing equipment. Test transformers
normally used for the purpose have low power rating but high voltage ratings. These
transformers are mainly used for short time tests on high voltage equipments. The currents
required for these tests on various equipments are given below:

Insulators,C.B.,bushings, Instrument
Transformers =0.1- 0.5 A
Powertransformers,h.v.capacitors.=0.5-1A
Cables =1 A and above

The design of a test transformer is similar to a potential transformer used for the
measurement of Voltage and power in transmission lines. The flux density chosen islow so that
it doesnot drawlargemagnetizingcurrent which wouldotherwise saturate thecoreand produce
higher harmonics.

CascadedTransformers

For voltages higher than 400 KV, it is desired to cascade two or more transformers
depending upon the voltage requirements. With this, the weight of the whole unit is subdivided
into single units and, therefore, transport and erection becomes easier. Also, with this, the
transformer cost for a given voltage may bereduced, since cascaded units need not individually
possesstheexpensiveandheavyinsulationrequiredinsinglestagetransformersfor highvoltages
exceeding 345 kV. It is found that the cost of insulation for such voltages for a single unit
becomes proportional to square of operating voltage. Fig. 3.9 shows a basic scheme for
cascading three transformers. The primary of the first stage transformer is connected to a low
voltage supply. A voltage is available across the secondary of this transformer. The tertiary
winding(excitation winding) offirst stagehasthe samenumberofturnsasthe primary winding, and
feeds the primary ofthe second stagetransformer.The potentialofthetertiaryis fixedto the potential
V of the secondary winding as shown in Fig. 3.9.

The secondary winding of the second stage transformer is connected in series with the
secondary winding ofthefirst stagetransformer, so that avoltageof2Visavailablebetween the
ground andthe terminal of secondary of the second stagetransformer. Similarly, the stage-1II
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transformer isconnected inserieswiththesecond stagetransformer. Withthistheoutputvoltage
between ground and the third stage transformer, secondary is 3V. it is to be noted that the
individual stages except theupper most must havethree-winding transformers. The upper most,
however, will be a two winding transformer. Fig. 3.9 shows metal tank construction of
transformers and the secondary winding is not divided. Here the low voltage terminal of the
secondary windingisconnectedtothetank. Thetankofstage-Itransformer isearthed.Thetanksof
stage-1l and stage-111 transformers have potentials of V and 2V, respectively above earth and,
therefore, these must be insulated from the earth with suitable solidinsulation.

Figure:3.8Basic3stagecascadedtransformer

Through h.t. bushings, the leads from the tertiary winding and the h.v. winding are
broughtoutto beconnectedto the next stagetransformer.However,ifthe highvoltage windings are
of mid-point potential type, the tanks are held at 0.5 V, 1.5 V and 2.5 V, respectively. This
connection results in a cheaper construction and the high voltage insulation now needs to be
designed for V/2 fromitstank potential. Themaindisadvantageofcascadingthetransformersis that
the lower stages of the primaries of the transformers are loaded more as compared with the
upper stages. The loading of various windings is indicated by P in Fig. 3.8. For the three-stage
transformer, the total output VA will be3VI = 3Pand, therefore, each ofthe secondary winding
ofthe transformer would carry a current ofl = P/V.

Theprimarywindingofstage-IlltransformerisloadedwithPandsoalsothetertiary
windingofsecondstagetransformer.Therefore,theprimaryofthesecondstagetransformer ~ wouldbe
loaded with2P.Extendingthesamelogic; itis found that thefirst stageprimary would beloaded
withP.Therefore,whiledesigningtheprimariesandtertiary’softhesetransformers, thisfactormustbeta
kenintoconsideration. Thetotalshortcircuitimpedanceofacascaded
transformerfromdataforindividualstagescanbeobtained. Theequivalentcircuitofan
individualstageisshowninFig.3.9.HereZp,Zs,andZt,aretheimpedancesassociatedwith
eachwinding.Theimpedancesareshowninserieswithanideal3-windingtransformerwith
correspondingnumberofturnsNp,NsandNt. Theimpedancesareobtainedeitherfrom
calculatedorexperimentally-derivedresultsofthethreeshortcircuittestsbetweenanytwo windings
taken at a time.
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Figure:3.9Equivalentcircuitofonestage
o LetZps=leakageimpedancemeasuredonprimarysidewithsecondaryshortcircuited and
tertiary open.

Zpt=leakageimpedancemeasuredonprimarysidewithtertiaryshortcircuiteda
ndsecondary open.

e Zst=leakageimpedanceonsecondarysidewithtertiaryshortcircuitedandprimaryopen.

Ifthesemeasuredimpedancesarereferredtoprimarysidethen
L=l+l0=l+l ol =L+l
i Bk Rl B
Solvang these quations, we have

Z;=-1-(Z{Zﬂ-lz),z:%(Z’.,"Z:'Z;J

l
2:27(2;‘2:'2;5)

Assumingnegligiblemagnetizingcurrent,thesumoftheampereturnsofall the
windings must be zero.

N =N1-Ni=0
Assuning fossess transformer, we hate,
Lol 4ot 2
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Figure:3.11Asimplifiedequivalentcircuit

It has been observed that theimpedanceofatwo-stagetransformeris about 3-4 timesthe
impedance of one unit and three-stage impedance is 8-9 times the impedance of one unit
transformer. Hence, in order to have a low impedance of a cascaded transformer, it is desirable
that the impedance ofindividual units should be as small as possible.

ReactivePowerCompensation

Asis  mentionedearlier,thetesttransformersareusedfor testingtheinsulationof  various
electrical equipments. This means the load connected to these transformers is highly capacitive.
Therefore, if rated voltage is available at the output terminals of the test transformer and a test
piece (capacitive load) is connected across its terminals, the voltage across the load becomes
higher than the rated voltage as the load draws leading current. Thus, it is necessary to regulate
the input voltage to the test transformer so that the voltage across the load, which is variable,
depending on the test specimen, remains the rated voltage. Another possibility is that a variable
inductor should be connected across the supply as shown in Fig. 3.11 so that the reactive power
suppliedbytheloadisabsorbedbytheinductor andthusthevoltageacrossthetesttransformeris
maintained within limits.
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Figure:3.12Reactivepowercompensation

It should be noted that the test transformer should be able to supply the maximum value

of load current for which it has been designed at all intermediate voltages including the rated
voltage. Thepowervoltagecharacteristicis,therefore,astraightlineasshownbyline AinFig.
3.14. Thecompensatingreactivepowerabsorbedbytheair-coredinductorisshownonparabolasB, C
andD. These will be parabolas as the reactive power =V2/X.CurveBcorresponds to the condition
when the transformer primary is connected in parallel and the reactor is connected at
positionlinFig.3.12.SimilarlyCurveC—Transformerprimaryconnectedinparallelandreactor at
position 1 connected.

Curve D—Transformer primary connected in series and reactor at position 2.When the
primary series is connected, for the same supply voltage, voltage per turn of primary becomes
half its value when it is parallel connected and, therefore, the secondary voltage becomes 1/20f
theratedvoltageand hencethecurvestarts at 50%oftheratedvoltage. Thepowerofthevoltage
regulatorisproportionaltothesupplyvoltageand,therefore,isrepresented bylineEinFig.3.12 and the
maximum power at rated voltage is 33.3% of the maximum power requirement of the
transformer.  All  possibleoperatingconditionsofthetesttransformerliewithinthetriangulararea
enclosed by the line A, the abscissa and the 100% rated voltage line.

This area has been sub-divided into different parts, sothat the permissible supply power
(Here33% ofmaximumtransformer load) isnever exceeded. Thevalueofthehighest voltageis
alwaystakenfortheevaluation ofthe compensationarrangement.Sincetheimpedance ofthetest
transformer is usually large (about 20-25%), the range under 25% of the rated voltage is not
considered. It is clear from the above considerationsthat the design ofthe compensating reactor
depends upon

Thecapacitanceandoperatingvoltageoftestspecimen  The
power rating of the available regulator.

Thepossibilityofdifferentconnectionsofthewindingoftesttransformer. The
power rating of the test transformer.
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In order that the test laboratory meets all the different requirements, every particular case
mustbeinvestigatedanda suitablereactor must bedesignedforreactivepower compensation.In
multistage transformers with large power output, it is desirable to provide reactive power
Compensation at every stage, so that the voltage stability of the test transformer is greatly
improved.

SeriesResonantCircuit

The equivalent circuit of a single-stage-test transformer along with its capacitive load is
showninFig.3.14.Here L1 representstheinductance ofthevoltageregulatorandthetransformer
primary,Lthe exciting inductance of the transformer, L2 the inductance of the transformer
secondaryandCthecapacitanceoftheload.Normallyinductance Lis very largeas comparedto L1
andL2 and hence its shunting effect can be neglected. Usually the load capacitance is variable
and it is possible that for certain loading, resonance may occur in the circuit suddenly and the
Current will then only be limited by the resistance of the circuit and the
voltageacrossthetestspecimenmaygoupashighas20to40timesthedesiredvalue.Similarly,presence
of harmonics due to saturation of iron core of transformer may also result in resonance. Third
harmonic frequencies have been found to be quite disastrous. With series resonance, the
resonance is controlled at fundamental frequencyand hence no unwanted resonance occurs.

The development of series resonance circuit for testing purpose has been very widely
welcome by the cable industry as they faced resonance problem with test transformer while
testing short lengths of cables. In the initial stages, it was difficult to manufacture continuously
variable high voltage and high value reactors to be used in the series circuit and therefore,
indirect methods to achieve this objective were employed. Fig. 3.15 shows a continuously
variable reactor connected in the low voltage winding of the step up transformer whose
secondary is rated for the full test voltage.C2 represents the load capacitance. IfN is the
transformation ratioand L isthe inductance on thelow voltage side ofthe transformer,then it is
reflectedwithN2Lvalueonthesecondaryside(loadside)ofthetransformer.Forcertainsetting of the
reactor, the inductive reactance may equal the capacitive reactance of the circuit, hence
resonance will take place.

v

Figure:3.13Equivalentcircuitofasinglestageloadedtransformer
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Figure:3.14Singletransformer/reactorseriesresonancecircuit

Thus, the reactive power requirement of the supply becomes zero and it has to supply
only the losses of the circuit. However, the transformer has to carry the full load current on the
high voltage side. This is a disadvantage of the method. The inductor are designed for high
quality factorsQ = oL/ R. The feed transformer, therefore, injectsthelosses ofthe circuit only. It
has now been possible to manufacture high voltage continuously variable reactors300 kVper
unit usinga new technique with split iron core. With this, the testing step up transformer can be
omittedasshowninFig.3.15.Theinductanceoftheseinductorscanbevariedoverawiderange  depend
uponthe capacitance of theload to produce resonance. Here R is usually of low value. After the
resonance condition is achieved, the output voltage can be increased by increasing the input
voltage. The feed transformersarerated for nominal current ratings of thereactor

"

& 4=
"
]

:ranszormer ®)
motor

Figure: 3.15 (a) Series resonance circuit with variable h.t. reactors (b) Equivalent circuit of
(a)Figure. 3.15 (b) represents an equivalent circuit for seriesresonance circuit.

Fig. 3.15 (b) represents an equivalent circuit for series resonance circuit. Here R is
usually of low value. After the resonance condition is achieved, the output voltage can be
increased by increasing the input voltage. The feed transformers are rated for nominal current

ratings ofthe reactor. Under resonance, the output voltage will be
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Where Q is the quality factor of the inductor which usually varies between 40 and 80.
This meansthat withQ=40, theoutput voltageis40 timesthesupply voltage. It also means that the
reactive power requirements of the load capacitance in kVA are 40 times the power to be
provided by the feed transformer in KW. This results in a relatively small power rating for the
feed transformer.

Thefollowingaretheadvantagesofseriesresonancecircuit.

» ThepowerrequirementsinKWofthefeedcircuitare(kVA)/QwherekV Ais thereactive o

PowerrequirementsoftheloadandQisthequalityfactorofvariablereactorusually
greaterthan40.Hence,therequirementisverysmall.

e The seriesresonance circuit suppressesharmonicsandinterference toa large extent. The
near sinusoidal wave helps accurate partial discharge of measurements and is also
desirablefor  measuringlossangleandcapacitanceofinsulating  materialsusingSchering
Bridge. In case of a flashover or breakdown of a test specimen during testing on high
voltage side, the resonant circuit is detuned and the test voltage collapses immediately.
The short circuit

o Current is limited by the reactance of the variable reactor. It has proved to be of great
value as the weak part of the isolation of the specimen does not get destroyed. In fact,
since the arc flash over has very small energy, it is easier to observe where exactly the
flashover is occurring by delaying the tripping of supply and allowing the recurrence of
flashover.

* No separate compensating reactors (just as we have in case of test transformers) are
required. This results in a lower overall weight.

* WhentestingSF6switchgear,multiplebreakdownsdonotresultinhightransients.
Hence,nospecialprotectionagainsttransientsisrequired.
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» Series or parallel connections of several units are not at all a problem. Any number of
units can be connected in series without bothering for the impedance problem which is
very severely associated with a cascaded test transformer. In case the test specimen
requireslargecurrentfortesting,unitsmay beconnectedin parallelwithoutany problem.

Vehage IN V, =V,
requltor

Figure:3.16Parallelresonancesystem

In an attempt to take advantage of both the methods of connections, i.e., series and
parallelresonant systems,a thirdsystememployingseriesparallel connections wastried.Thisis
basically a modification ofa series resonant systemto provide most of the characteristicsof the
parallel system. Fig. 3.17.Shows a schematic of a typical series parallel method.

V=N,

Vokage = Reactor/
fegulator Exler  auto Xmer

[ransformor
Figure:3.17Series-parallelresonantsystem

Heretheoutput voltageisachieved byautotransformeractionand parallel compensation is
achieved by the connection of the reactor. It has been observed that during the process of tuning
for most of the loads, there is a certain gap opening that will result in the parallel connected test
system going into uncontrolled overvoltageof thetest sampleand ifthe test set is allowed to
operate for a long time, excessive heating and damage to the reactor would result. Also, it has
been observed experimentally that complete balance of ampere turns takes place when the
system operates under parallel resonance condition.

Under all other settings of the variable reactor, an unbalance in the ampere turns will
force large leakage flux into the surrounding metallic tank and clamping structure which will
cause large circulating currents resulting in hot spots which will affect adversely the dielectric
strength of oil in the tank.
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In view of the above considerations, it has been recommended not to go in for series-parallel
resonant mode of operation for testing purpose. If a single stage system up to 300 kV using the
resonance test voltage is required, parallel resonant system must be adopted. For test voltage
exceeding300 KkV,theseriesresonant methodisstronglyrecommended.Thespecificweight ofa
cascadedtesttransformervariesbetweenl0and20kg/kava whereasforaseriesresonant circuit with
variable high voltage reactors it lies between 3 and 6 kg/kava. circuit with variable frequency
sourcesWiththe development ofstaticfrequency convertor, it hasnowbeen possible to reduce the
specific weight still further. In order to obtain resonance in the circuit a choke of

constantmagnitudecanbeusedandastheloadcapacitancechangesthesourcefrequencyshould be
changed.
T
Feed

translomer

Figure:3.18Schematicdiagramofseriesresonant

Fig. 3.18 showsa schematic diagram ofa seriesresonant circuit with variable frequency
source. The frequency convertor suppliesthe losses of the testing circuit only which are usually
of the order of 3% of the reactive power of the load capacitor as the chokes can be designed for
very high quality factors.

A word of caution is very important, here in regard to testing of test specimen having
largecapacitance. Witha fixedreactance,thefrequencyforresonancewillbesmallascompared to
normal frequency. If the voltage applied is taken as the normal voltage the core of the feed
transformerwillgetsaturatedasV/fthenbecomeslargeandthefluxinthecorewillbelarge.So,asuitable
voltage must be applied to avoid this situation with the static frequency convertor circuits the
specific weight has come down to 0.5 kg/kVA. It is to be noted that whereas the series resonant
systems are quite popular for testing cables and highly loss free capacitive loads, cascaded
transformers are more common in high voltage laboratories for testing equipment in MV range
and also for relatively high loads.

ImpulseVoltages

As explained indetail inthe above Chapter , disturbancesof electric power transmissionand
distribution systems are frequently caused bytwo kindsof transient voltages whose amplitudes may
greatly exceed the peak values of the normal a.c. operating voltage. The first kind are lightning
overvoltage, originated by lightning stroke shitting the phase wiresof overhead lines or the bus bars
of outdoor substations. The amplitudes are very high, usually in the order of 1000 kV or more, as
every strokemay inject lightningcurrents up toabout 100 kA and even more into the transmission
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line;_27_ each strokeisthen followed by travelling waves, whoseamplitude is often limited by
the maximum insulation strength of the overhead line. The rate of voltage rise of such a
travelling wave is at its origin directly proportional to the steepness of the lightning current,
which may exceed 100 kA/usec, and the voltage levels may simply be calculated by the current
multiplied bythe effective surge impedance oftheline. Too high voltage levelsareimmediately
chopped by the breakdown of the insulation and therefore travelling waves with steep wave
frontsand even steeper wave tails may stressthe insulation of power transformers or other h.v.
equipment severely. Lightning protection systems, surge arresters and the different kinds of
losseswilldampanddistortthetravellingwaves, andthereforelightningovervoltage’swithvery
different wave shapes are present within the transmission system.

Thesecond kind is causedby switching phenomena.Their amplitudes are always related
to the operating voltage and the shape is influenced by the impedances of the system as well as
by the switching conditions. The rate of voltage rise is usually slower, but it is well known that
the wave shape can also be very dangerous to different insulation systems, especially to
atmosphericair insulationintransmission systems with voltagelevelshigher than 245kV. Both
types of over voltages are also effective in the | V. distribution systems, where they are either
producedby theusual,sometimescurrent-limiting,switchesorwheretheyhavebeentransmitted from
the h.v. distribution systems.

Here they may often cause a breakdown of electronic equipment, as they can reach
amplitudes of several kilovolts, and it should be mentioned that the testing of certain | V.
apparatus with transient voltages or currents is a need today. Such tests also involve
‘electromagnetic compatibility (EMC) tests’, which will not be discussed here. Although the
actual shape of both kinds of overvoltage varies strongly, it became necessary to simulate these
transient voltages by relatively simple means for testing purposes. The various national and
international standards define the impulse voltages as a unidirectional voltage which rises more
or less rapidly to a peak valueand then decays relatively slowly to zero.

In the relevant IEC Standard 60, widely accepted today through national committees, a
distinction is made between lightning and switching impulses, i.e. according to the origin of the
transients. Impulse voltages with front duration’s varying from lessthan one up toa fewtens of
microseconds are, in general, considered as lightning impulses. Figure 3.19(a) shows the shape
for sucha‘full’lightningimpulsevoltageaswellassketchesforthe same voltage choppedatthe tail
(Fig. 3.19(b)) or on the front (Fig. 3.19(c)), i.e. interrupted.

Tc: time to chopping. O1 : virtual origin disruptive discharge. Although the definitions
are clearly indicated, it should be emphasized that the ‘virtual origin’ Ol is defined where the
lineAB cuts thetimeaxis. The‘fronttime’T1,again avirtual parameter,is defined asl.67times the
intervalT betweentheinstants when the impulseis 30 per cent and90 per cent ofthe peak value for
full or chopped lightning impulses. For front-chopped impulses the ‘time to chopping’ Tc is
about equal to T1.Thereason for defining the point Aat 30 per cent voltage level can be found in
most records of measured impulse voltages.
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Figure: 3.19 General shape and definitions of lightning impulse (LI)voltages. (a)
FullLl.(b) LI chopped onthetail.(c) LI chopped onthe front.T1 : front time.T2 :timeto half-
value.

Itisquite difficultto obtaina smooth slope withinthe first voltage rise, asthe measuring
systems as well as stray capacitances and inductances may cause oscillations. For most
applications, the (virtual) fronttime T1 is 1.2 ps,and the(virtual)time to half-value T2 is 50 ps. In
generalthespecificationspermitatoleranceofupto30percentforTl and20percentforT2. Such
impulse voltages are referred to as a T1/T2 impulse, and therefore the 1.2/50 impulse is the
acceptedstandardlightningimpulsevoltagetoday. Lightningimpulsesarethereforeofveryshort
duration, mainlyiftheyare choppedon front. Duetoinherent measurement errorsanduncertain tie-
in the evaluation the ‘time parameters’ T1, T2 and Tc or especially the time difference between
the pointsC andD (Figs 3.19 (b) and (c)) can hardly be quantified with high accuracy.

Figure3.20illustratesthe slopeofa switchingimpulse.Whereasthetimetohalf-valueT2 is
defined similarly as before, the time to peak Tp is the time interval between the actual origin and
the instant when the voltage has reached its maximum value. This definition could be criticized,
as it is difficult to establish the actual crest value with high accuracy. An additional
parameteristhereforethetime Td,the timeat 90percentof crestvalue. Thedifferent definitions
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in comparison to lightning impulses can be understood if the time scale is emphasized: the
standard switching impulse has timeparameters(includingtolerances) and isthereforedescribed as
a 250/2500 impulse.

For fundamental investigations concerning the insulation strength of long air gaps or
other apparatus, the time to peak has to be varied between about 100 and 1000 us, as the
breakdown strength ofthe insulation systems may be sensitiveupon the voltage wave shape.

T, = 250 us = 20%

TH = 2500 us = 60%

10 |
0.9 |- Ty —

0.5 T, =

__TD_.

Figure:3.20Generalshapeofswitchingimpulsevoltages. Tp:timetopeak. T 2:timetohalf-value.
Td:timeabove90per cent

Impulsevoltagegeneratorcircuits

The introduction to the full impulse voltages as defined in the previous section leads to
simple circuits for the generation of the necessary wave shapes. The rapid increase and slow
decay can obviously be generated by discharging circuits with two energy storages,as the wave
shape may well be composed by the superposition of two exponential functions.

Again the load of the generators will be primarily capacitive, as insulation systems are
tested. Thisload will therefore contributeto the stored energy. A second source ofenergy could
be provided by an inductance or additional capacitor. For lightning impulses mainly, a fast
discharge of pure inductor is usually impossible, as h.v. chokes with high energy content can
never be built without appreciable stray capacitances. Thus a suitable fast discharge circuit will
always consist essentially of two capacitors.
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Single-stagegeneratorcircuitsTwobasiccircuitsforsingle-stageimpulsegeneratorsare
shown in Fig. 3.21.The capacitor C1 is slowly charged from a dace. source until the spark gap
Gbreaksdown. Thissparkgapactsasavoltage-limitingandvoltage-sensitiveswitch,whose

ignitiontime(timetovoltagebreakdown)isveryshort incomparisontoT1.Assuch single-stage
generatorsmay beused for charging voltagesfrom some kVuptoabout 1 MV, the sphere gaps)
will offer proper operating conditions.

An economic limit of the charging voltage VO is, however, a value of about 200 to 250
kV ,astoolargediametersofthesphereswouldotherwiseberequiredtoavoidexcessivein

homogeneous field distributions between the spheres. The resistors R1, R2 and the capacitance
C2formthe waveshaping network. R1 will primarily dampthecircuitand control thefront time T1.
R2 will dischargethe capacitorsandtherefore essentially control the wave tail.

The capacitance C2 represents the full load, i.e. the object under test as well as all other
capacitiveelementswhichareinparalleltothetestobject(measuringdevices;additionalload

capacitor to avoid large variations of T1/T2, if the test objects are changed). No inductances are
assumed so far, and are neglected in the first fundamental analysis, which is also necessary to
understandmultistagegenerators.Ingeneralthisapproximationispermissible,astheinductance ofall
circuit elements has to be kept as low as possible.

Within the ‘discharge’ capacitance C1. As C1 is always much larger than C2, this figure
determines mainly the cost of a generator. For the analysis we may use the Laplace transform
circuitsketched.whichsimulatestheboundarycondition,thatfortOClischargedtoVVOandfort
>0 this capacitoris directly connectedto thewaveshaping network. For thecircuit Fig. 3.21(a) the
output voltage is thus given by the expression.

o
(a) —

|1

Vo

(b) —

1/sCy R,
Vi 1
ot R R ol AL E)

L

)y =

Figure: 3.21Single-stage impulse generator circuits(a) and (b). C1: discharge capacitance.
C2:loadcapacitance.R1:frontordamping resistance.R2:dischargeresistance.(c) Transform
circuitBeforestartingtheanalysis,weshouldmentionthemostsignificantparameterofimpulse

generators. Thisisthemaximumstoredenergy
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W = C1(Vo,..)?

Vo Z>
Vis) = ——————,
s Z1+2Z>
Where
1
B R;:
: Cs e
R>/Cos

T R>+ 1/Cas’

Where

Tk s24+as+ b

where

1
a_(R.C, R,C> R2C2>'

T (7) :
R{R-C,C»

k= RiC5.

ForcircuitFig.3.22(b)onefindsthesamegeneralexpressioneqn,withthe  following
constants; however,

1 1 1
ol (R.Cl T e T chl,) :

1
b=——17--—]:
R{R,CC» as above

k=R,1C,.

(Xl.O’gz——:F\ (u)

Forbothcircuits,therefore,weobtainfromthetransformtablesthesameexpressioninthe
time domain:

Vo 1
Vi) = ———[exp(—ait) — exp(—ont)]
k (o2 —ay)

Althoughonemightassumethatbothcircuitsareequivalent,alargerdifferencemayoccurif the
voltage efficiency, 5, is calculated. This efficiency is defined as

V.

—_ V_O 2
Vpbeingthepeakvalueoftheoutputvoltageasindicated. Obviouslythisvalueisalways
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smallerthanlor 100 per cent. It can be calculated by finding tmax from dVt/dt Do; thistimefor
the voltage Vt to rise to its peak value is given by

In(a2/ay)
max — . _-
(o2 —ay)
Substitutingthisequationintoegnonemayfind
(az/al )—I(CI:;"GI—G; R (GZ/QI v)—hagl,.“a:—al )]

= k(a; —ay)

-

S L+‘)_ '(L+|)—_4<C1+C:)
== 2C 1 o (o) o o> i - Co .

o 1 1+|>+ (1+1>3 4(C1 + C2)
T 2(Ci1+C2) a > o a> a1ax2Co> :

Circuit Fig. 2.25(b):

. L+ 1) /(L+ |>2 4(C, + C»2)
g 2C 2 o o> \, o o> a102C ’
1 1 1 / 1 I \?  HCp-1T5
R’Z— e — I — B 7 ——————— -
- 3(C1+C3)[ 011+01:>+\/ (a|+cx3> a1axCy J

Alltheseequationscontainthetimeconstants1/, 1and1/, 2,whichdependuponthe
waveshape. Thereis,however,nosimplerelationshipbetweenthesetimeconstantsandthetimes

T1, T2 and Tp asdefined inthe national or international recommendations, i.e. inFigs2.23 and 2.24.
This relationship can be found by applying the definitions to the analytical expression for Vt,this
meanstoequation. Therelationshipisirrationalandmustbecomputednumerically. Thefollowing

table showsthe result for some selected wave shapes: The standardized nominal valuesof T1 and T2
are difficult to achieve inpractice, as even for fixed valuesof C1 the load C2 will varyand the exact
values for R1 and R2 according to above equation in general not available.

Theseresistorshavetobedimensionedfortheratedhighvoltageofthegeneratorandare

accordinglyexpensive. ThepermissibletolerancesforT1and T2arethereforenecessaryandused to
graduate the resistor values. According of the real output voltage V(t) will in addition be
necessary if the admissible impulse shape has to be testified. Another reason for such a
measurement is related to the value of the test voltage as defined in the recommendations. This
magnitude corresponds to the crest value, if the shape of thelightning impulseis smooth.

However, oscillations or an overshoot may occur at the crest of the impulse. If the
frequency of such oscillations is not less than 0.5MHz or the duration of overshoot not over 1
sec, a ‘mean curve’ (seeNote below) should be drawnthroughthe curve. The maximum
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amplitudeofthis ‘meancurve’definesthevalueofthetestvoltage.Suchacorrectionisonlytolerated,providedtheir
single peak amplitudeis not larger than5 per cent of the crest value.

Oscillation son the front of the impulse (below 50 per cent of the crest value) are
tolerated, providedtheir single peak amplitude does not exceed25 percent of the crest value.

Itshouldbeemphasizedthatthesetolerancesconstitutethepermitteddifferencesbetween
specified values and those actually recorded by measurements. Due to measuring errors the true
values and the recorded ones may be somewhat different. Note. With the increasing application
oftransient or digital recorders in recording ofimpulse voltages it became very obvious that the
definition of a ‘mean curve’ for the evaluation of lightning impulse parameters of waveforms
with oscillations and/or overshoot, as provided by the standards, is insufficient. Any software,
written to evaluate the parameters, needs clear instructions which are not yet available. As this
matter is still under consideration (by CIGRE Working Group 33.03) and a revision of the
current standards may provide solutions, no further comments to this problem are given. The
origin of such oscillations or the overshoot can be found in measuring errors as well as by the
inductanceswithineverybranchofthecircuit orthestraycapacitances, whichwillincreasewith the
physical dimensions of the circuit.

As far as inductances are concerned, a general rule for the necessary critical damping of
single-stage or — with less accuracy of multistage generators can easily be demonstrated . If
individual inductances L1, L2 are considered within the discharge circuit as indicated in Fig.
3.22(a), a second order differential equation determines the output voltage across the load
capacitanceC2.However,suchanequivalentcircuitcannotbeexact,asadditionalcircuitsrelated to
stray capacitances are not taken into account. Thus we may only combine the total inductance
within the C1 —C2 circuit to single inductance L, as shown in Fig. 3.22 (b), and neglect the
positions of the tail resistors, which have no big influence. This reduces the circuit to a simple
damped series resonant circuit, and the critical resistance R D R1 for the circuit to beNon-
oscillatory is given by the well-known equation

/

B R=a—
: Ve

1_|+1
g €, g

This equation isingeneral suitable for predictingthelimitingvalues forthe frontresistor R1.
The extremely tedious analytical analysis of circuits containing individual inductances is shown
elsewhere. Computer programs for transients may also be used to find the origin of oscillations,
although it is difficult to identify good equivalent circuits.
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Figure:3.22Simplifiedcircuitofimpulsegeneratorandload.Circuitshowing
alternativepositionsofthewavetailcontrolresistance.(b)Circuitforcalculationofwave
frontoscillations

Multistageimpulsegeneratorcircuits

The difficulties encountered with spark gaps for the switching of very high voltages, the
increaseofthephysicalsizeofthecircuitelements,theeffortsGenerationofhighvoltages 61necessary
in obtaining high dace. voltages to charge C1 and, last but not least, the difficulties of
suppressing corona discharges from the structure and leads during the charging periodmake
theone-stage circuit inconvenient for higher voltages. In order to overcomethese difficulties, in
1923 Marx35 suggested an arrangement where a number of condensers are charged in parallel
throughhighohmicresistancesandthendischargedinseriesthroughsparkgaps. Therearemanydifferent,
althoughalwayssimilar,multistagecircuitsinuse. Todemonstratetheprincipleof operation, a typical
circuit is presented in Fig. 3.23 which shows the connections of a six-stage generator. Thedace.
Voltage chargesthe equal stage capacitorsCO1 in parallel through the high value charging
resistorsRO as well asthrough the discharge (and also charging).

Multistage generator

= Cs

!

: !

:

H ‘

- o '

g

V55 Rz T :

)= ! H

d.c_ A G1 G— S
— ==

Figure:3.23Basiccircuitofasix-stageimpulsegenerator(Marxgenerator)resistances

IF
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RO2whicharemuchsmallerthantheresistorsROandarecomparablewithR2inFig.
3.25.At the end oftherelatively long charging period(typically several secondsuptol minute), the
points A, B, ... ,F will be at the potential of the dace. source, e.g. _V with respect to earth, and
the pointsG,H,, N will remain at the earth potential, as the voltage drop during charging across
the resistors R02is negligible. The discharge or firing of the generator is initiated by the
breakdownofthelowestgapG1 whichisfollowedbya nearlysimultaneousbreakdownofallthe
remaining gaps. According to the traditional theory, which does not take into account the stray
capacitances Indicated by the dotted lines, this rapid breakdown would be caused by high
overvoltages acrossthe second and furthergaps: when thefirst gap fires, thepotential at point A
changes rapidly from _V to zero, and thusthe point H increasesits potential toCV.

As the point B still would remain at the charging potential, _V, thus a voltage of 2V
wouldappearacrossG2.Thishighovervoltagewouldthereforecausethisgaptobreakdownand the
potential at point I would rise to C2V, creating a potential difference of 3V acrossgapG3, if
again the potential at point C wouldremain at the charging potential.

This traditional interpretation, however, is wrong, since the potentials B and C can —
neglecting stray capacitances — also follow the adjacent potentials of the points A and B, as the
resistors RO are between. We may only seeupto now that this circuit willgivean output voltage
witha polarityoppositetothatofthe chargingvoltage.In practice,it hasbeen notedthat the gap G2
must be set to a gap distance only slightly greater than that at which G1 breaks down; otherwise
it does not operate.

According to Edwards, Husbands and Perry_31_ for an adequate explanation one may
assume the stray capacitances CO, C00 and C000 within the circuit. The capacitances CO are
formed by the electrical field between adjacent stages; CO00 has a similar meaning across two
stages.CO0O0 is the capacitance of the spark gaps.If weassume nowtheresistorsas open circuits, we
may easily seethat the potential at pointB ismore or less fixed bytherelative magnitudes of
thestray capacitances.NeglectingCObetween thepointsHandC andtakingintoaccountthatthe
discharge capacitors CO1 are large in comparison to the stray capacitances, point B can be
assumed as mid-point of a capacitor voltage divider formed by C00 and CO/C000. Thus the
voltage rise of point A from_V to zero will causethe potentialB to rise from V toa voltage of

ol C/+C///
VB:_V+V 7 17 17 ==V ’ " "
1€ £C 2@ £ €

{ence the potential difference across G, becomes

Cl + CIII
CI + C!l + CIII

Var=4+V—-(-Vp)=V (1 +
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If CO0 equals zero, the voltage across G2 will reach its maximum value 2V.This gap
capacitance, however, cannot be avoided. If the stage capacitancesC0O and C000 are both zero,
VG2 will equalV,anda sparkingofG2 wouldnotbepossible.ltisapparent,therefore,thatthese stray
capacitancesenhance favorableconditionsfor the operation ofthegenerator.Inreality, the
conditions set by the above equations are approximate only and are, of course, transient, as the
stray capacitances start to discharge via the resistors. As the values of CO to C000 are normally
in the order of some 10 pF only, the time constants for this discharge may be as low as 10_7 to
10 _8 sec. Thus the voltage across G2 appears for a short time and leads to breakdown within
several tens of nanoseconds. Transient over voltages appear across the further gaps, enhanced
also by the fact that the output terminal N remains at zero potential mainly, and therefore
additional voltages are built up across the resistor R02. So the breakdown continuesand finally
theterminal N attainsa voltage of C6V, or nV, if n stagesare present.

The processesassociated with the firing of such generators are even more sophisticated.
They have been thoroughlyanalyzedandinvestigated experimentally.31,36,37_Inpractice for a
consistent operationitisnecessaryto setthedistance for the firstgapGl only slightlybelowthe
second and further gaps for earliest breakdown. It isalso necessary tohave the axesof the gaps in
one vertical plane so that the ultraviolet illumination from the spark in the first gap irradiates the
other gaps. This ensures a supply of electrons released from the gap to initiate breakdown
during the short period when the gapsare subjected to the overvoltage.

Ifthe first gap is not electronically triggered, the consistency ofits firing and stability of
breakdown and therefore output voltageis improved by providing ultraviolet illumination forthe
firstgap. Theseremarksindicateonlyasmallpartoftheproblemsinvolvedwiththeconstruction  of  spark
gaps and the layout of the generator. Before some of these additional problems are treated, we
shall treat more realistic Marx circuitsasused for the explanations so far.

In Fig. 3.24, the wave front control resistor R1 is placed between the generator and the
load only. Such a single ‘external’ front resistor, however, hasto withstand for a short time the
full rated voltage and therefore is inconveniently long or may occupy much space. This
disadvantage can be avoided if either a part of this resistance is distributed or if it is completely
distributed within the generator. Such an arrangement is illustrated in Fig. 2.30, in which in
addition the series connection of the capacitors CO1 and gaps (as proposed originally
byGoodlet_38_) is changed to an equivalent arrangement for which the polarity of the output
voltageis the sameasthe charging voltage.Thecharging resistorsRO arealways large compared
with the distributed resistors ROland R02, andR02is made as small as is necessary to give the
required time to halve-valueT2. Adding the external front resistor RO01 helps to damp
oscillations otherwise

Further
stages

G1C _B)GZC —DOGSC

Impulse
_______ R4 voltage
Ry R> R’y R> R’ F?'1|

|
Multistage generator | _L
1

Figure:3.24Multistageimpulsegenerator
withdistributeddischargeandfrontresistors
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RO2:dischargeresistors. RO1:internal front resistors. RO01: external frontresistorexcited by the
inductance and capacitance of the external leads between the generator and the load, if these
leads are long. If the generator has fired, the total is charge capacitance C1 maybe calculated as
where n is the number of stages. The consistent firing of such circuits could be explained as for

the generator
[ e |
C, ¢y

the effective front resistance Ry as

Ri=R|+Y R;:

and the effective discharge resistance R, — neglecting the charging resistances

R—as

R, = HR’: = i:Rél

of Fig. 3.24. For both generator circuits, the firing is aggravated if the resistancesR02 have
relatively low values. According to equations such low values appear with generators of high
energy content and/or short times to half-value, T2. Then the time constant for discharging the
straycapacitancestogroundC000(Fig.3.24)willbetoolowandaccordinglytheovervoltagefor
triggering the upper stages too short. By additional means providing high resistance values
within the firing period, this disadvantage can be avoided.

TRIPPINGANDCONTROLOFIMPULSEGENERATORS

In large impulse generators, the spark gaps are generally sphere gaps or gaps formed by
hemispherical electrodes. The gaps are arranged such that sparking of one gap results in
automatic sparking of other gaps as overvoltage is impressed on the other. In order to have
consistency in sparking, irradiation from an ultra-violet lamp is provided from the bottom to all
the gaps. To trip the generator at a predetermined time, the spark gaps may be mounted one
movable frame, and the gap distanceis reduced by moving the movable electrodes closer.

This methodisdifficultand doesnotassureconsistent and controlled tripping. Asimple
method of controlled tripping consists of making the first gap a three electrode gap and firing it
from a controlled source. Figure 3.25 gives the schematic arrangement of a three electrode gap
The first stage of the impulse generator is fitted with a three electrode gap, and the central
electrode is maintained at a potential in-between that of the top and the bottom electrodes with
theresistorsR\andRL.Thetrippingisinitiated byapplyinga pulsetothethyratronG byclosing the
switch S. The capacitor C produces an exponentially decaying pulse of positive polarity the
pulse goes and initiates the oscillograph time base. The thyratron conducts on
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receivingthepulsefromtheswitchSandproduces anegativepulsethrough thecapacitanceCiat the
central electrode of the three electrode gap.

Hence,thevoltagebetweenthecentralelectrodeandthetopelectrodeofthethree electrode gap
goes above its sparking potential and thus the gap conducts. The time lagrequired
forthethyratron firingandbreakdown ofthethreeelectrodegap ensuresthatthesweep circuit of
theoscillographbeginsbeforethestartoftheimpulsegeneratorvoltage. TheresistanceR” ensures

decoupling of voltage oscillations producedat the spark gap entering the
oscilloscopethroughthecommontripcircuit. Thethreeelectrodegaprequireslargerspace
andanelaborateconstruction.Now-a-daysatrigatrongapshowninFig.3.26isused,andthisrequiresmuch
smaller voltage for operation compared to the three electrode gap

R To CRO
G = gweep circuit
F o
20KV, —s ¢ © f o o1 5°°V
T
0-3kV
'3 230V electrostatic
OSOszoluwa

Figure:3.25Trippingofanimpulsegeneratorwithathreeelectrodegap

Earthed electrode
Bushing /Annular ga
Trigger electrode —-' |—— "
v. electrode
Main gap

Figure:3.26(a) Trigatrongap
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(0) TrippingcircuitusingatrigatronFigure:3.26
Trigatron gap and tripping circuit

A trigatron gap consists of high voltage spherical electrode of suitable size, an earthed
main electrodeof spherical shape, and atrigger electrode throughthemain electrode. Thetrigger
electrode is a metal rod with an annular clearance of about 1 mm fitted into the main electrode
througha bushing. Thetrigatron is connected toa pulse circuitas shown in fig.3.26 b. Tripping of
the impulse generator is effected by a trip pulse which produces a spark between the trigger
electrode and the earthed sphere. Due to space charge effects and distortion of the field in the

main gap, spark over ofthe main gap Fig. 3.27 applied for correct operation.
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Figure:3.27Threeelectrodegapforhighcurrentswitching

ThreeElectrodeGapforlmpulseCurrentGenerator

Inthecaseofimpulsecurrentgeneratorsusingthreeelectrodegapsfortrippingand control,
acertain specialdesign is needed.The electrodes have tocarryhigh currentfrom the
capacitorbank.Secondly,the electrodehastoswitchlargecurrentsinasmalldurationoftime(in about a
microsecond). Therefore, the switch should have very low inductance. The erosion rate
oftheelectrodesshouldbelow.Forhighcurrentcapacitorbanks,anumberofsparkgap
switchesconnectedinparallelasshowninFig.3.27areoftenusedtomeettherequirement.
Recently,trigatron gapsare being replaced bytriggered vacuum gaps,theadvantage ofthe latter
being fast switching at high currents (> 100 kA) in a few nanoseconds. Triggering of the spark
gapsbyfocusedlaserbeamsisalsoadoptedsincetheperformanceisbetterthantheconventionaltriggering
methods.
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UNIT-IVMEASUREMENTOFHIGHVOLTAGEANDHIGHCURRENTS

INTRODUCTION

Transient measurementshave much in common with measurementsof steady state quantitiesbut
the Short-lived nature of the transients which we are trying to record introduces special problems.
Frequentlythe transient quantityto be measured is not recorded directly because of its large magnitudes
e.g. when a shunt isused to measure current, we really measure the voltage across the shunt and then we
assume that the voltage is proportional to the current, a fact which should not be taken for granted with
transientcurrents. Often the voltage appearingacrossthe shuntmay be insufficient to drivethemeasuring
device it requires amplification. On the other hand, if the voltage to be measured is too large to be
measured withthe usual meters, it must be attenuated. Thissuggestsanidea ofameasuring systemrather than
a measuring device. Measurements of high voltages and currents involve much more complex problems
which a specialist in common electrical measurement does not have to face. The high voltage equipments
have large stray capacitances with respect to the grounded structures and hence large voltage gradients are
set up. A person handling these equipments and the measuring devices must be protected against these
over voltages. For this, large structures are required to control the electrical fields and to avoid flash over
between the equipment and the grounded structures. Sometimes, these structures are required to control
heat dissipation within the circuits. Therefore, the location and layout of the equipments is very important
to avoid these problems. Electromagnetic fields create problems in the measurements of impulse voltages
and currents and should be minimized. The chapter is devoted to describing various devices and circuits
for measurement of high voltages and currents. The application of the device to the type of voltages and
currents is also discussed.

UniformFieldSparkGaps

Bruce suggestedtheuse ofuniform field spark gapsfor the measurementsofa.c.,d.cand
impulsevoltages. These gaps provideaccuracy to within 0.2% for a.c. voltage measurementsan
appreciableimprovement as compared with the equivalent sphere gap arrangement.

Fig.4.1 showsa half-contour ofoneelectrodehaving planesparking surfaceswith edges of
gradually increasing curvature

D
Figure:4.1Halfcontourofuniformsparkgap
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The portion AB is flat, the total diameter of the flat portion being greater than the
maximum spacing between the electrodes. The portion BC consists of a sine curve based on
the axes OB and OC and given by XY = CO sin (BX/BO . n/2). CD isan arc of a circle with
centreat O.BruceshowedthatthebreakdownvoltageVofagapoflength Scmsinairat20°C and 760
mmHg. Pressure is within 0.2 per cent of the value given bythe empirical relation.

V = 24.22S + 6.08+/S

Thisisagreatadvantage, thatis, ifthespacingbetweenthespheresforbreakdownis  known the
breakdown voltage can be calculated.

Theotheradvantagesofuniformfieldsparkgapsare
(i) Noinfluenceofnearbyearthedobjects

(i) Nopolarityeffect.

However,thedisadvantagesare

(i) Veryaccuratemechanicalfinishoftheelectrodeisrequired.
(i) Carefulparallelalignmentofthetwoelectrodes.

(iii) Influenceofdustbringsinerraticbreakdownofthegap.

This is much more serious in these gaps as compared with sphere gaps as the highly
stressed electrode areas become much larger. Therefore, a uniform field gap is normally not
used for voltage measurements.

Rod Gaps

A rod gap may be used to measure the peak value of power frequency and impulse
voltages. The gap usually consists of two 1.27 cm square rod electrodes square in section at
their end and are mounted on insulating stands so that a length ofrod equal to or greater than
one half of the gap spacing overhangs the inner edge of the support. The breakdown voltages
as found in American standards for different gap lengths at 25°C, 760 mm Hg. pressure and
with water vapour pressure 0f15.5 mmHg. are reproduced here.
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Table4.1
Breakdown Voltage Gap Length in Breakdown Voltage
Gap Length in Cms. KV Peak Cins. KV Peak

2 26 30 435

4 47 20 438

62 100 537

s T2 120 642

10 31 140 744

15 102 160 347

20 124 130 050

25 147 200 1054

30 172 220 1160

Thebreakdownvoltageisarodgapincreasesmoreorlesslinearlywithincreasingrelativeair
densityoverthenormalvariationsinatmosphericpressure. Also,thebreakdownvoltage
increaseswithincreasingrelativehumidity,thestandardhumiditybeingtakenas15.5
mmHg.Becauseofthelargevariationinbreakdownvoltageforthesamespacingandthe
uncertaintiesassociatedwiththeinfluenceofhumidity,rodgapsarenolongerusedformeasurementofa.c.ori
mpulsevoltages.However,morerecentinvestigationshaveshown
thattheserodscanbeusedford.cmeasurementprovidedcertainregulationsregardingthe
electrodeconfigurationsareobserved. Thearrangementconsistsoftwohemisphericallycappedrodsof
about 20 mm diameter as shown in Fig. 4.3.1.

High
1000 cm

I
—

35 cm

- 20mm o

) kx|

l Earth

Figure:4.2ElectrodearrangementsforarodgaptomeasureHVDC

The earthed electrode must be longenough to initiate positive breakdown streamersif the high
voltage rod is the cathode. With this arrangement, the breakdown voltage will always be initiated by
positive streamers for both the polarities thus giving a very small variation and being humidity
dependent. Except for low voltages (less than 120 kV), where the accuracy is low, the breakdown
voltage can be given by the empirical relation.

L V =38(A+ BS)4,/5.1 x 1072(h + 8.65)KV

Wherehis  theabsolutehumidityingm/m3andvariesbetweend4and20gm/m3intheabove relation. The
breakdown voltage is linearly related withthe gap spacing and the slope of the relation B
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=5.1kV/cmandisfoundtobeindependentofthepolarityofvoltage.HoweverconstantAispolaritydependentandhas the
values

A= 20 Kv for
positivePolarity=15Kv for
negative polarity

Theaccuracyoftheaboverelationisbetterthan+20%and,therefore,providesbetteraccuracy even as
compared to a sphere gap.

ElectrostaticVVoltmeter

The electric field according to Coulomb is the field of forces. The electric field is
produced by voltageand, therefore, if the field force could be measured, the voltage canalso
be measured. Whenever a voltageisappliedtoa parallel plate electrodearrangement,an electric
field is set up between the plates. It is possible to have uniform electric field between the plates
with suitable arrangement of the plates. The field is uniform, normal to the two plates and
directedtowardsthenegativeplate.If Aisthearea oftheplateandEistheelectric fieldintensity between
the platese the permittivity ofthe mediumbetweenthe plates, we knowthat the energy density of
the electric field between the plates is given as,

wy = i € E? [
- (4.2)
Consideradifferentialvolumebetweentheplatesandparalleltotheplateswitharea
Aandthicknessdx,theenergycontentinthisdifferentialvolume Adx i
dw = wyAdx = > € E2Adx L
(4.3) .
NowforceFbetweentheplatesisdefinedasthederivativeofstoredelectricenergy ~ along  the
field direction i.e.,
=3 % € E%A []
(4.4) dx 2
NowE=V/dwhereVisthevoltagetobemeasuredanddthedistanceofseparationbetweentheplates.
Therefore,theexpressionforforce
p=1c¢ v’nA []
(4.5) 2 &

Since the two plates are oppositely charged, there is always force of attraction between
theplates.Ifthe voltageistimedependant,the force developedisalsotime dependant.In sucha case
the mean value of force is used to measure the voltage. ThusElectrostatic voltmeters measure
the force based on the above equations and are arranged such that one of the plates is rigidly
fixed whereas the

=1 T :l i .Yi =lEﬁ§l 2 =l V?ms D
F Tfo F(t)dt rf:edzAdt 2dz.TfV (Ddt=sea-== (4.6)

otherisallowedtomove.Withthistheelectricfieldgetsdisturbed.Forthisreason,themovable electrode is
allowed to move by not more than a fraction of
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a millimeter to a few millimeters even for high voltages so that the change in electric field is
negligiblysmall. Astheforceisproportionaltosquareof\VVrms,themetercanbeusedbothfor
a.c.andd.cvoltagemeasurement.

The force developed between the plates is sufficient to be used to measure the voltage.
Various designs of the voltmeter have been developed which differ in the construction of
electrodearrangementand intheuse ofdifferent methods ofrestoring forcesrequired tobalance the
electrostatic force of attraction. Some of the methods are

Suspensionofmovingelectrodeononearmofabalance.
Suspension of the moving electrode on a spring.
Penduloussuspensionofthemovingelectrode. Torsional
suspension of moving electrode.

The small movement is generally transmitted and amplified by electrical or optical
methods. If the electrode movement is minimized and the field distribution can exactly be
calculated, the meter can be used for absolute voltage measurement as the calibration can be
made in terms of the fundamental quantities of length and force. From the expression for the
force, it is clear that for a given voltage to be measured, the higher the force, the greater is the
precision that can be obtained with the meter. In order to achieve higher force for a given
voltage, the areaof theplatesshould be large, the spacing between theplates (d) should be small
and some dielectric medium other than air should beused in betweenthe plates.

If uniformity of electric field is to be maintained an increase in area A must be
accompanied by an increase in the area of the surrounding guard ring and ofthe opposing plate
and the electrode may, therefore, become unduly large especially for higher voltages. Similarly
the gap length cannot be made very small as this is limited by the breakdown strength of the
dielectric medium between the plates. If air is used as the medium, gradients upto5 kV/cm has
been found satisfactory. For higher gradients vacuum or SF6gas has been used. The greatest
advantage of the electrostatic voltmeter is its extremely low loading effect as only electric fields
arerequired to beset up. Becauseofhigh resistanceofthemedium between theplates, theactive
power loss is negligibly small. The voltage source loading is, therefore, limited only to their
active power required to charge the instrument capacitance which can be as low as a few pico
farads for low voltage voltmeters.

The measuring system as such does not put any upper limit on the frequency of
supply to be measured. However, as the load inductance and the measuring system capacitance
form a series resonance circuit, a limit is imposed on the frequency range. For low range
voltmeters, the upper frequency is generally limited to a few MHz. Fig. 4.4 shows a schematic
diagram of an absolute electrostatic voltmeter. The hemispherical metal dome D encloses a
sensitivebalanceB which measurestheforceofattractionbetweenthemovablediscwhichhangs from
one of its arms and the lower plate P. The movable electrode M hangs with a clearance of above
0.01 cm, in a central opening in the upper plate which serves as a guard ring.
Thediameterofeachoftheplatesislmetre.Lightreflectedfromamirrorcarriedbythebalance beam
servestomagnifyitsmotionandtoindicatetotheoperatorata  safedistancewhena  condition  of
equilibrium is reached. Asthe spacing between the two electrodes islarge (about
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100 cms for a voltage of about 300 kV), the uniformity of the electric field is maintained by the
guard rings G which surround the space between the discs M and P. The guard rings G are
maintained at a constant potential in space by a capacitance divider ensuring a uniform spatial
potential distribution. When voltages in the range10 to 100 kV are measured, the accuracy is of
the order of 0.01 per cent. Hueter has used a pair of spheres of 100 cms diameter for the
measurement of high voltages utilizing the electrostatic attractive force between them. The
spheresarearrangedwithaverticalaxisandatspacingslightlygreaterthanthesparkingdistance for the
particularvoltagetobemeasured. Theupperhighvoltagesphereissupportedona springandthe
extension of spring caused by the electrostatic force is magnified by a lamp-mirror scale
arrangement. Anaccuracy of0.5 per cent has been achieved bythearrangement.

E

(@)
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Y \
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Figure:4.3Schematicdiagramofelectrostaticvoltmeter

Electrostatic voltmeters using compressed gas as the insulating medium have been
developed.Herefora given voltagetheshorter gaplength enablestherequired uniformity ofthe field
to be maintained with electrodes of smaller size and a more compact system can
beevolved.OnesuchvoltmeterusingSF6gashasbeenusedwhichcanmeasurevoltagesupto1000  kV
and accuracy is of the order of 0.1%. The high voltage electrode and earthed plane provide
uniform electric field within the region of a 5 cm diameter disc set in a 65 cm diameter guard
plane. A weighing balance arrangement is used to allow a large damping mass. The gap length
can be varied between 2.5, 5 and10 cms and due to maximum working electric stress of 100
kV/cm, the voltageranges can be selectedto250 kV, 500 kV and100 kV. With100 kV/cmas
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gradient, the average force on the disc is found to be0.8681 N equivalent to 88.52 gm wt. The
disc movementsarekept as smallasl um by the weighing balancearrangement.The voltmeters are
used for the measurement of high a.c. and d.c voltages. The measurement of voltages lower than
about 50 volt is, however, not possible, asthe forces becometoo small.

PeakVoltmeterswithPotentialDividers

Passive circuits are not very frequently used these days for measurement of the peak
value ofa.c. orimpulsevoltages.The development offullyintegrated operationalamplifiersand
other electronic circuits has made it possible to sample and hold such voltages and thus make
measurements and, therefore, have replaced the conventional passive circuits. However, it is to
be noted that if the passive circuits are designed properly, they provide simplicity and adequate
accuracy and hence a small description ofthese circuits is in order. Passive circuits are cheap,
reliable and have a high order of electromagnetic compatibility. However, in contrast, the most
sophisticatedelectronicinstrumentsarecostlierandtheir  electromagnetic  compatibility(EMC)is
low. The passive circuits cannot measure high voltages directly and use potential dividers
preferablyofthecapacitancetype. Fig.4.4.1 showsa simplepeakvoltmeter circuit consistingof a
capacitor voltage divider which reducesthe voltage Vto be measured to a low voltage Vm.

Figure:4.4Peakvoltmeter

SupposeR2andRdarenotpresentandthesupplyvoltageisV.Thevoltageacrossthe
storagecapacitor Cs will be equal to thepeak valueof voltageacrossC2 assuming voltage drop
across the diode to be negligibly small. The voltage could be measured by an electrostatic
voltmeter or other suitable voltmeters with very high input impedance. If the reverse current
through the diode is very small and the discharge time constant of the storage capacitor very
large,thestoragecapacitorwillnotdischargesignificantlyforalongtimeandhenceitwillhold

thevoltagetoitsvalueforalongtime.Ifnow,Visdecreased,thevoltageV 2decreases

proportionatelyandsincenowthevoltageacrossC2issmallerthanthevoltageacrossCsto
whichitisalreadycharged,therefore,thediodedoesnotconductandthevoltageacrossCsdoes

notfollowthevoltageacrossC2.Hence,adischargeresistorRdmustbeintroducedintothe

circuit so that the voltage across Cs follows the voltage across C2. From measurement point of
viewitisdesirablethatthequantitytobemeasuredshouldbeindicatedbythemeterwithina

fewseconds and henceRd is so chosen thatRdCs~ 1 sec. Asaresult ofthis, following errorsare
introduced. With the connection of Rd, the voltage across Cs will decrease continuously even
when the input voltageiskept constant. Also, it will discharge the capacitor C2and the mean
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potentialofVV2(t)willgainanegatived.ccomponent.HencealeakageresistorR2mustbe

inserted in parallel with C2to equalize these unipolar discharge currents. The second error
corresponds to the voltage shape across the storage capacitor which contains ripple andis due to
thedischargeofthecapacitor Cs.Iftheinputimpedanceofthemeasuringdeviceisveryhigh,the ripple is
independent of the meter being used. The error is approximately proportional to the
ripplefactorandisthusfrequencydependentasthedischargetimeconstantcannotbechanged.If RdCs =
1 sec, the discharge error amounts to 1% for 50 Hz and 0.33% for 150 Hz. The third
sourceoferrorisrelatedtothisdischargeerror.Duringtheconductiontime(whenthevoltage

acrossCsislowerthanthatacrossC2becauseofdischargeofCsthroughRd)ofthediodethe

storagecapacitorCsisrechargedtothepeakvalueandthusCsbecomesparallelwithC2.1f discharge error is
ed, recharge error er is given by

Cs

o ae zed R -
Hence Cs should besmall as compared withC2 to keep down the recharge error. It
hasalsobeenobservedthatinordertokeeptheoverallerrortoalowvalue,itisdesirabletohavea

highvalue ofR2.Thesameeffectcanbeobtained byproviding anequalizing arm to thelow
voltagearm ofthe voltagedivider as showninFig.4.4.2 This isaccomplished bytheadditionof
asecondnetworkcomprisingdiode,CsandRdfornegativepolarity currentstothecircuitshown
inFig.4.4.3Withthis,thed.ccurrentsinbothbranchesareoppositeinpolarityandequalizeeach
other.TheerrorsduetoR2arethuseliminated.RabusdevelopedanothercircuitshowninFig.

4.4.4 to reduce errors due to resistances. Two storage capacitors are connected by a resistorRs
within every branch and both are discharged by only one resistance Rd.

Figure:4.6 Two-wayboostercircuitdesignedbyRabus
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Herebecauseofthe presenceofRs, the dischargeofthe storage capacitor Cs2isdelayed
andhencetheinherentdischargeerrorisreduced.However,sincethesearetwostorage
capacitors within one branch,they would draw more charge fromthecapacitor C2andhence the
recharge error would increase. It is, therefore, a matter of designing various elements in the
circuit so that the total sum of all the errors is a minimum. It has been observed that with the
commonlyusedcircuitelementsinthevoltagedividers,theerrorcanbekepttowellwithin
about1%evenforfrequenciesbelow20Hz. ThecapacitorC 1hastowithstandhighvoltageto
bemeasuredand isalwaysplaced within thetest area whereasthe lowvoltage armC2 including the
peak circuit and instrument form a measuring unit located in the control area. Hence
acoaxialcableisalwaysrequiredtoconnectthetwoareas. Thecablecapacitancecomesparallel
with the capacitance C2which is usually changed in steps if the voltage to be measured is
changed. Achange ofthelengthofthecablewould,thus,alsorequirerecalibration ofthesystem. The
sheath ofthe coaxial cable picksupthe electrostatic fieldsand thus prevents the penetration of this
field to the core of the conductor. Also, even though transient magnetic fields will penetrate into
the core of the cable, no appreciable voltage (extraneous of noise) is induced
duetothesymmetricalarrangementandhenceacoaxialcableprovidesagoodconnection
betweenthetwoareas.Whenever,adischargetakesp laceatthehighvoltageendofcapacitorC1
tothecableconnectionwherethecurrentlooksintoachangeinimpedanceahighvoltageof
short duration may be built up at the low voltage end of the capacitor C1 which must be limited
byusinganovervoltageprotectiondevice(protectiongap). Thesedeviceswillalsoprevent

completedamageofthemeasuringcircuitiftheinsulationofCa1fails.

ImpulseVoltageMeasurementsUsingVoltageDividers

If theamplitudes oftheimpulse voltageis not highandis inthe range ofa fewkilovolts,
itispossibletomeasurethemevenwhentheseareofshortdurationbyusingCROS.However, if the
voltages to be measured are of high magnitude of the order of megavolts which normally is the
case for testingand research purposes, various problems arise. The voltage dividers required are
of special design and need a thorough understanding of the interaction present in these voltage
dividing systems. The voltage generator G is connected toa test object—T through alead L.

I

Thesethreeelementsformavoltagegeneratingsystem.TheleadLconsistsofaleadwire
andaresistancetodamposcillationortolimit short-
circuitcurrentsifofthetestobjectfails. Themeasuringsystemstartsat theterminalsofthetestobject
andconsistsofaconnectingleadCLto
thevoltagedividerD.Theoutputofthedividerisfedtothemeasuringinstrument(CROetc.)M.The
appropriate ground return should assure low voltage drops for even highly transient phenomena
and keep the ground potential of zero as far as possible.

L CL C

I T 1

Figure:4.7Basicvoltagetestingcircuit
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Itis to be noted that the test object is a predominantly capacitive element and thus this forms an
Oscillatory circuit with the inductance of the load. These oscillations are likely to be excited by
any steep voltage rise from the generator output, but will only partly be detected by the voltage
divider. Aresistor in series with the connecting leads damps out these oscillations. The voltage
divider should always be connected outside the generator circuit towards the load circuit (Test
object) foraccuratemeasurement. In caseitisconnected within thegenerator circuitandthetest
object discharges (chopped wave) the whole generator including voltage divider will be
discharged by this short circuit at the test object and thus the voltage divider is loaded by the
voltage drop across the lead L. As a result, the voltage measurement will be wrong. Yet for
another reason, the voltage divider should be located away from the generator circuit. The
dividerscannot beshieldedagainstexternalfields.Allobjectsin thevicinityofthedividerwhich may
acquire transient potentials during a test will disturb the field distribution and thus the
dividerperformance.Therefore,theconnectingleadCLisanintegralpartofthepotentialdivider circuit.
In order to avoid electromagnetic interference between the measuring instrument M andC the
high voltage test area, the length of the delay cable should be adequately chosen. Veryshort
length of the cable can be used only if the measuring instrument has high level of
electromagnetic compatibility (EMC). For any type of voltage to be measured, the cable should
be co-axial type. The outer conductor provides a shield against the electrostatic field and thus
preventsthe penetration ofthis field to the inner conductor. Even though, the transient magnetic
fields will penetrate into the cable, no appreciable voltage is induced due to the symmetrical
arrangement. Ordinary coaxial cables with braided shields may well be used for d.c. and a.c.
voltages.However,forimpulsevoltagemeasurementdoubleshieldedcableswithpredominantly two
insulated braided shields will be used for better accuracy.

Duringdisruptionoftest object,very heavytransientcurrentflow and hencethe potential of
the Ground may rise to dangerously high values if proper earthling is not provided. For this,
large metal sheets of highly conducting material such as copper or aluminum are used. Most of
themodernhighvoltagelaboratoriesprovidesuch groundreturnalongwithaFaradayCagefora
complete shielding of the laboratory. Expanded metal sheets give similar performance. At least
metal tapes of large width should be used to reduce the impedance.

Voltages dividers for a.c., d.c. or impulse voltages may consist of resistors or capacitors
or a convenient combination of these elements. Inductors are normally not used as voltage
dividing elementsaspureinductances ofproper magnitudes without straycapacitancecannot be
built and also these inductances would otherwise form oscillatory circuit with the inherent
capacitance ofthe test object and this may lead to inaccuracy in measurement and high voltages
inthemeasuringcircuit. Theheight ofa voltagedivider dependsupon theflashover voltageand this
follows from the rated maximum voltage applied.

Now, the potential distribution may not be uniform and hence the height also depends
upon the design of the high voltage electrode, the top electrode. For voltages in the megavolt
range,theheight ofthedividerbecomeslarge. As athumbrulefollowing clearancesbetween top
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electrode and ground may be assumed 2.5 to 3 meters/MV for d.c. voltages.2 to 2.5 m/MV for
lightning impulse voltages. More than 5 m/MV rms for a.c. voltages. More than 4 m/MV for
switching impulse voltage.The potential divider is most simply represented by two impedances
Z1 and Z2 connected in series and the sample voltage required for measurement is taken from
across Z2, FIG. 4.8.1fthe voltage to be measured is V1 and sampled voltage V2, then

Z1
V, .4?
Z; Vv,

: 3

Figure:4.8Basicdiagramofapotentialdividercircuit

N __Z2 o
V2= 't 48)  Ifthe
impedancesarepureresistances
v2=—R y; U
R1+R2 (4.9) Ifthe
impedancesarepureresistances
va= c1ilc“ bl -
- (4.10)

The voltage V2is normally only a few hundred volts and hence the value of Z2is so
chosen that VV2across it gives sufficient deflection on a CRO. Therefore, most of the voltage
dropisavailableacrosstheimpedanceZ 1andsincethevoltagetobemeasuredisinmegavolt

the length of Ziis large which result in inaccurate measurements because of the stray
capacitances associated with long length voltage dividers (especially with impulse voltage
measurements) unless special precautions are taken. On the low voltage side of the potential
dividers where a screened cable of finite length has to be employed for connection to the
oscillograph other errorsand distortion of wave shape can also occur.

CROFORIMPULSEVOLTAGEANDCURRENTMEASUREMENT

The couplingimpedanceZm is a parallel combination ofR, Land C whose quality factor is
low.The complex impedance Zm is given as
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Figure:4.9CROforimpulsevoltageandcurrentmeasurement

The measuring impedance Zm is the impedance of a band pass filter which suppresses
harmonic currents depending upon the selected circuit quality factor Q, below and above the
resonance frequencyfO i.e., Zm will suppress all frequency currents below and above its
resonance frequency. The alternate is— 20 dB per decade if Q = 1 and can be greatly increased.
Also, the measuring circuit Zm performs integration of the PD pulse currents i (t) = 10 & (t).The
aboveequation  showsadampedoscillatory  outputvoltagewhereamplitudeisproportionaltothe
chargeq.The chargeduetothepulsei(t)isactually storedbythe capacitor Cinstantaneouslybut due to
the presence of inductance and resistance, Oscillations are produced. If these oscillations arenot
damped, theresolutiontime ofthe filter will belargeand properintegration will nottake place
especiallyof the subsequent current pulses. There is a possibilityof over lapping and the results
obtainedwill be erroneous. The resolution time as is said earlier shouldbesmallerthan
thetimeconstantt  ofthecurrentpulse[i(t)I0e-t/t]. Theresolutiontimeordecaytimedependsuponthe
Q-factorandresonancefrequencyfOofthemeasuringimpedanceZm.LetQ=1
=R/LC.Thevoltagev0(t)asshowninFig.6.28canbeobtainedbywritingnodalequation.
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Theresolutiontimeisabout10p secand forhighervalues of Q,T willbe stilllarger.The
resonance frequency is also affected by the coupling capacitance Ckand the capacitanceCt
ofthetestspecimenasthesecontributetotheformationofC. Therefore,theRLCcircuitshould
bechosenorselectedaccordingtothetestspecimensothatadesiredresonancefrequencyis

obtained.The desired central frequency foora band width around fO isdecided bythe band pass
amplifier connected to this resonant circuit

Theseamplifiers are designed for typically lower and upper cut off frequencies (— 3 dB)
between 150 kHz and 100 kHz. This band of frequency is chosen as it is much higher than
thepower supply frequency and also the frequency which are not used by broadcasting stations.
Theresolution timebecomesless than10 p sec. and henceproperintegration ofthecurrent pulse is
made possible. However,the main job of the amplifier is toincrease the sensitivity of the whole
measuring system. The time dependency of the output voltagevO (t) can be seen on the
oscilloscope. In the usual ellipse representation, the individual pulse vO (t) are practically only
recognizable on vertical linesofdifferentheightsasonerotation ofthe ellipsecorrespondstoone
period ofthe supply system 20 m sec. for50 Hzand16.7 m sec. for 60 Hz supplies.
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The magnitude of the individual discharge is quantified by comparing the pulse crest
value with the one obtained from the calibration circuit as shown in Fig. 6.30. The calibration
circuit consists of a voltage step generatorVO and a series capacitorCO. The chargeqis simulated
with no normal voltage applied to the PD testing circuit. It is possible to suggest the location of
the partial discharges in an insulating material by looking at the display on the CRO screen.

(%HWHWM M/W )

Figure:4.10Circuitforcalibrationoftheoscilloscope

DIGITALTECHNIQUESINHIGHVOLTAGEMEASUREMENT

ResistancePotentialDividers

The resistance potential dividers are the first to appear because of their simplicity of
construction, lessspacerequirements, less weightandeasyportability. Thesecanbe placednear
thetest object which might not always be confined to one location.

Thelength ofthe divider depends upon two orthree factors. The maximum voltage to be
measured is the first and ifheight is a limitation, the length can be based ona surface flash over
gradient in the order of3—4 kV/cm irrespective of whether the resistance R1 is ofliquid or wire
woundconstruction. Thelengthalsodependsupontheresistancevaluebutthisisimplicitly bound up
with thestray capacitance ofthe resistance column, the product ofthe two(RC) giving
atimeconstantthevalueofwhichmustnotexceedthedurationofthewavefrontitisrequiredtorecord. It is

to be noted with caution that the resistance of the potential divider should
bematchedtotheequivalentresistanceofagivengeneratortoobtain agivenwaveshape.FIG. 4.11
(a)showsacommonformofresistancepotentialdividerusedfortestingpurposeswherethe wave
front time of the wave is less than 1 micro sec.

O—_j oO— oO—
= (@) —; (b) —=L ©)

Figure:4.11variousformsofresistancepotentialdividersrecordingcircuits(a)Matchingat
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dividerend(b)MatchingatOscillographend(c)Matchingatbothendsofdelay cableHereR 3,the
resistanceatthe divider endof the delay cableischosensuchthatR2+ R3=

ZwhichputsanupperlimitonR2i.e.,R2<Z.Infact,sometimestheconditionformatchingis
givenas

U 7R
(411) R1+R2

But, since usually R1>>R2, the above relation reduces to Z =R3+ R2. From Fig. 4.19(a),
the voltage appearing across R2 is

N
(4.12)
ofthecablebeingrepresentedbyanimpedanceZtoground.
Now
O
(4.13)
(D | V2 = (z+f<23)R2 21‘:1;(1
4.14 - '
V3 = V2 . (Z+R3}R2‘ & S Vi— R2 :
j Z+R3 Z+R3 2Z Z1+R1 2(Z1+R1)
(4.15) However,thevoltageenteringthedelaycableis

[]
(4.16)

As this voltage wave reaches the CRO end of the delay cable, it suffers reflections as
theimpedance offered by theCROis infinite and as a result the voltage wavetransmitted into the
CROisdoubled. TheCRO,therefore,recordsavoltageThereflectedwave,however,asit
reachesthelowvoltagearmofthepotentialdividerdoesnotsufferanyreflectionasZ=R2+R3andis
totally absorbed by (R2 + R3). Since R2is smaller than Z and Z1 is a parallel combination ofR2
and(R3+ Z),Z1isgoingtobe smallerthanR2and sinceR1>>R2 ,R1 willbe muchgreaterthan Z1and,
therefore to a first approximation Z1+ R1~ R1.

Therefore,
V, = 2V1~ —=_V1asR2 << R1
(4.17) 3 R1 R1+R2

Fig.4.11(b)and(c)arethevariantsofthepotentialdividercircuitofFig.4.11(a). The
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cable Matching is done by a pure ohmic resistance R4= Z at the end of the delay cable and,
therefore, the voltage reflection coefficient is zero i.e. the voltage at the end of the cable is
transmittedcompletelyintoR4andhence appearsacross the CRO plateswithoutbeingreflected.

AstheinputimpedanceofthedelaycableisR4=2 thisresistanceisaparallelto

R2 and forms an integral part of the divider’s low voltage arm. The voltage of such a divider is,
therefore, calculated as follows: Equivalent impedance

R2Z _ Ri(R24Z)+R2Z | |

R1 + = - -
RZ+Z (R2+2Z) (4.18)
_ Vi(R3*2Z)
Therefore,Current R1(R2 +qA+RyZ

__IR2Z _ ["Vi(R2+Z) R2Z
R2+Z  @IR}+Z)+R2ZR2+1Z

andvoltage

= R2Z \i])-

R1(R2+Z)+R2ED

vz R2Z D

. Vi Ri(R2+Z)+R22Z
orvoltageratio (4.22)

DuetothematchingattheCROendofthedelaycable,thevoltagedoesnotsufferany reflectionat that
end and the voltage recorded by the CRO is given as

[]
(4.23)
Normallyforundistortedwaveshapethroughthecable
V2=—2_vy1 u
ZR1+R2 (424)

For a givenapplied voltage V1 thisarrangement will produce a smaller deflection on the
CROPIates as compared to theonein Fig. 4.19 (a).Thearrangement of Fig. 4.19 (c)provides for
matching at both ends of the delay cable and is to be recommended where it is felt necessary to
reduce to the minimum irregularities produced in the delay cable circuit. Since matching is
providedat theCRO endof the delay cable,therefore, thereis noreflection ofthe voltageatthat
endandthe voltagerecorded will be half of that recorded inthearrangement of Fig. 4.19 (a) viz

V2 =y
(4.25) "~ 2(R1+R2)

Itisdesirabletoenclosethelow voltageresistance(s)ofthepotentialdividersinametal

screeningbox.Steelsheetisasuitablematerialforthisboxwhichcouldbeprovidedwitha
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detachableclosefittinglidforeasyaccess. Iftherearetwolowvoltageresistorsatthedivider
positionasinFig.4.11(a)and(c),theyshouldbecontainedinthescreeningbox,asclose together  as
possible,witharemovablemetallicpartitionbetweenthem. Thepartitionservestwopurposes(i)itactsas
anelectrostaticshieldbetweenthetworesistors(ii)itfacilitatesthe

changingoftheresistors. Thelengthsoftheleadsshouldbeshortsothatpracticallyno inductance is
contributed by these leads. The screening box should be fitted with a
largeearthlingterminal.Fig.4.12showsasketchedcross-sectionofpossiblelayoutforthelow  voltage

arm of voltage divider.

Circuit elements .
R. C From high voltage arm

l
E

L

]
]

[

& Metal

Matching 3
casing

impedance if reqd.

LY

%f

H— Delay cable

Figure:4.12Cross-sectionoflowvoltagearmofavoltagedivider

CapacitancePotentialDividers

Capacitance potential dividers are more complex than the resistance type. For
measurement ofimpulsevoltagesnot exceedingl MVcapacitancedividerscanbebothportable and
transportable. In general, for measurement of 1 MV and over, the capacitance divider is a
laboratory fixture. The capacitance dividers are usually made of capacitor units mounted one
above the other and bolted together. It isthis failure which makesthe small dividers portable. A
screeningboxsimilartothatdescribedearliercanbeusedforhousingboththelowvoltage

capacitorunitC2andthematchingresistorifrequired.

The low voltage capacitor C2should be non-inductive. A form of capacitor which has
givenexcellent results is ofmicaand tin foil plate, construction, each foil having connecting tags
coming out at opposite corners. This ensures that the current cannot pass from the high voltage
circuit to the delay cable without actually going through the foil electrodes. It is also important
that the coupling between the high and low voltage arms of the divider be purely capacitive.
Hence, thelowvoltagearmshould contain onecapacitor only;twoor morecapacitorsinparallel
mustbeavoidedbecauseofappreciableinductancethatwouldthusbeintroduced.Further,the

tappings to thedelaycablemust betaken offas closeas possibleto theterminals ofC2.Fig. 4.21
shows variants of capacitance potential dividers.
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Figure: 4.13 Capacitor dividers (a) Simple matching (b) Compensated matching(c) Damped
capacitordividersimplematchingForvoltagedividersinFI1G.(b)and(c),thedelaycablecannot be
matched at its end.

AlowResistorinparalleltoC2 wouldloadthelowvoltagearmofthedividertooheavily
anddecreasetheoutputvoltagewithtime.SinceRandZformapotentialdividerandR=2Z,the
voltageinputtothecablewillbehalfofthevoltageacrossthecapacitorC2.Thishalved voltages

travelstowardstheopenendofthecable(CROend)andgetsdoubledafterreflection. Thatis,

the voltage recorded by the CRO is equal to the voltage across the capacitor C2. The reflected
wave charges the cable to its final voltage magnitude and is absorbed by R (i.e. reflection takes
placeatRand sinceR= Z,the waveis completelyabsorbedascoefficientofvoltagereflectionis zero)
as the capacitor C2 acts as a short circuit for high frequency waves. The transformation ratio,
therefore, changes from the value:

G +(C
(o
forveryhighfrequenciestothevalue

G +CG + Cq
Gy

forlowfrequencies.

However,thecapacitanceofthedelaycableCdisusuallysmallascomparedwithC2.For
capacitive divider an additional damping resistance is usually connected in the lead on the High
voltagesideasshowninFI1G.4.14(c).Theperformanceofthedividercanbeimprovedif damping
resistor which corresponds to the a periodic limiting case is inserted in series with the
individualelementofcapacitordivider.Thiskindofdampedcapacitivedivideractsforhigh
frequenciesasaresistivedividerandforlowfrequenciesasacapacitivedivider.lt can,therefore, be
used over a wide range offrequencies i.e. for impulse voltages ofvery different duration and also
for alternating voltages.

Page1080f152
ELECTRICALANDELECTRONICSENGINEERING



EE8701 HIGHVOLTAGEENGINEERING

Test C
object

Figure:4.14Simplifieddiagramofaresistancepotentialdivider

Fig. 4.22 shows a simplified diagram of a resistance potential divider after taking into
Considerations the lead in connection as the inductance and the stray capacitance as lumped
capacitance.HereL representstheloop inductance ofthe lead-in connection for the high voltage
arm. The damping resistance Rd limits the transient overshoot in the circuit formed by test
object,L,RdandC.lItsvaluehasadecidedeffectontheperformanceofthedivider.Inorderto

evaluatethevoltagetransformationofthedivider,thelowvoltagearmvoltageV 2resultingfrom

a square wave impulse V1on the hv side must be investigated. The voltage V2followscurve 2in
Fig. 4.15 (a) in case of a periodic damping and curve 2in Fig. 4.15 (b) in case of sub-critical
damping. The total area between curves 1 and 2 taking into consideration the polarity is
described as the response time.

T

(a) t (b) t

v

Figure:4.15theresponseofresistancevoltagedivider

With subcritical damping, even though the response time is smaller, the damping should
not be Very small. This is because an undesirable resonance may occur for a certain frequency
withinthepassingfrequencybandofthedivider.Acompromisemustthereforeberealized
betweentheshortrisetimeandtherapidstabilizationofthemeasuringsystem.AccordingtolEC
publication N0.60 a maximum overshoot 0f3%is allowed for the full impulse wave,5% for an
impulsewavechoppedonthefrontattimesshorterthanlmicrosec.Inordertofulfillthese requirements,
the response time of the dividermust notexceed 0.2micro sec.forfull impulse waves 1.2/50 or
1.2/5 or impulse waves chopped on the tail. If the impulse wave is chopped on the front at time
shorter than 1 micro sec the response time must be notgreater than 5% of thetime to chopping.
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KlydonographorSurgeRecorder

Since lightning surges are infrequent and random in nature, it is necessary to install a
large number of recording devices to obtain a reasonable amount ofdata regarding these surges
produced on transmission lines and other equipments. Some fairly simple devices have been
developed for this purpose.

Klydonographis one such device which makesuse ofthe patternsknown asLichtenberg
Figure which are produced on a photographic film by surface corona discharges. The
Klydonograph (Fig. 4.16) consists of a rounded electrode resting upon the emulsion side of a
photographic film or plate which is kept on the smooth surface of an insulating material plate
backed bya plate electrode.The minimum critical voltageto producea Figureisabout2 kVand the
maximum Voltage that can be recorded is about 20 kV, as at higher voltages spark over’s occurs
which spoils the film. The device can be used with a potential divider to measure higher
voltages and with a resistance shunt to measure impulse current. There are characteristic
differences between the Figure for positive and negative voltages. However, for either polarity
the radius of the Figure (if it is symmetrical) or the maximum distance from the centre of the
Figure to its outside edge (if it is unsymmetrical) is a function only of the applied voltage. The
oscillatoryvoltagesproducesuperimposedeffectsforeachpartofthewave.Thusitispossibleto  know
whetherthewaveisunidirectionaloroscillatory.SincethesizeoftheFigureforpositivepolarity is
larger, it is preferable to use positive polarity Figure. This is particularly desirable in case of
measurement of surges on transmission lines or other such equipment which are ordinarily
operating on a.c. voltage and the alternating voltage gives a black band along the centre of the
film caused by superposition of positiveand negative Figure produced on each half cycle.

Top plate connected to
= potential divider tapping

¢———— Electrode support

Removable plug

s - secwms iy Adjustable holder
Locking ) .
Compression spring

ring
Stainless steel hemispherical
electrode
Kezaargot Photographic film (emulsion side)
; Keramot backing plate
Plate b
electrode 1 Locking ring

Electrode support

Base plate connected to earth

—

=\\]———— Positioning device

Figure:4.16Klydonograph
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For each surge voltage it is possible to obtain both positive and negative polarity Figure
by connecting pairs of electrodes in parallel, one pair with a high voltage point and an earthed
plateand the other pair witha high voltage plateandan earthed point.

Klydonographbeingasimpleandinexpensivedevice,alargenumberofelementscanbe
used.
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UNIT-V

HIGHVOLTAGETESTINGOFELECTRICALPOWERAPPARATUSI

NTRODUCTION

Man hasbeen powerhungry sincetime-immemorial.In moderntimesthe world has seen
phenomenalincreaseindemandforenergy,ofwhichanimportantcomponentisthatofelectricalenergy. The
production of electricalenergy in big plants under the mosteconomic conditionmakes itnecessary

that more and more energy be transported over longer and longer
distances. Therefore,transmissionatextrahighvoltagesandtheerectionofsystemswhichmayextend
over whole continents has becomethe most urgent problems to be solved inthe near future. The
very fast development ofsystemsisfollowed by studiesofequipmentand the serviceconditions
theyhavetofulfill. Theseconditionswillalsodeterminethevaluesfortestingatalternating,
impulseandd.c.voltagesunderspecificconditions.Aswegoforhigherandhigheroperating voltages(say

above 1000 kV) certain problems are associated with the testing techniques. Some of these are:

¢ Dimensionofhighvoltagetestlaboratories.
e Characteristicsofequipmentforsuchlaboratories.

e Somespecialaspectsofthetesttechniquesatextrahighvoltages.

Thedimensionsoflaboratoriesfortestequipmentsof750kVandabovearefixedbythe following
main considerations:

o Figures(values)oftestvoltagesunderdifferentconditions.

e Sizesofthetestofequipmentsina.c.,d.c.andimpulse voltages.

Distances between the objects under high voltage during the test period and the earthed
surroundings such as floors, walls and roofs of the buildings. The problems associated with the
characteristics of theequipments usedfortesting aresummarizedhere. In alternatingvoltage
system, a careful choice ofthe characteristics of the testing transformer is essential. It is known
thattheflashovervoltageoftheinsulatorinairorinanyinsulatingfluiddependsuponthe capacitanceof
the supplysystem. This isdue to the fact that avoltage dropmay notmaintain
preliminarydischargesorbreakdown. Itis,therefore,suggestedthatacapacitanceof atleast
1000Pfmustbeconnectedacrosstheinsulatortoobtainthecorrectflashoverorpuncture
voltageandalsounderbreakdowncondition(avirtualshortcircuit)thesupplysystemshouldbe
abletosupplyatleastlampforcleanand5ampforpollutedinsulatorsatthetestvoltage. Therearesome
difficultproblemswithimpulsetestingequipmentsalsoespeciallywhentestinglargepower
transformersorlargereactorsorlargecablesoperating atveryhighvoltages.Theequivalent
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capacitance of the impulse generator isusually about 40 nano faradsindependent of
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the operating voltage which gives a stored energy of about 1/2 x 40 10-9 x 36 x 109 = 720 KJ
for6 MVgenerators whichisrequired for testing equipmentsoperatingatl50 KkV.lItisnotatall
difficulttopileupalargenumber ofcapacitancesto chargethemin parallelandthendischargein series
to obtain a desired impulse wave.

But the difficulty exists in reducing the internal reactance of the circuit so that a
shortwave front with minimum oscillation can be obtained. For example for a 4 MV circuit the
inductance of the circuit is about 140 pH and it is impossible to test an equipment with a
capacitance of 5000 pF with a front time of 1.2 p sec. and less than 5% overshoot on the wave
front. Cascaded rectifiers are used for high voltage d.c. testing. A careful consideration is
necessary when test on polluted insulation is to be performed which requires currents of 50 to
200 mA but extremely predischarge streamer of 0.5 to 1 amp during milliseconds occur. The
generator musthavean internalreactancein order to maintainthetest voltage without too higha
voltage drop.

TestingOfOverheadL.inelnsulators

Various types of overhead line insulators are (i) Pin type (ii) Post type (iii) String
insulator unit(iv) Suspension insulator string (v) Tension insulator.

Arrangement of Insulators for Test String insulator unit should be hung by a suspension
eye from an earthed metal cross arm. The test voltage is applied between the cross arm and the
conductor hung vertically down from the metal part on the lower side ofthe insulatorunit.

Suspension string with all its accessories as in service should be hung from an earthed
metal Cross arm.The length of the crossarm should be atleast 1.5 times thelength ofthe string
being tested and should beat least equal to 0.9 m on eithersideoftheaxis ofthestring. Noother
earthed object should be nearer to the insulator string then 0.9 m or 1.5 times the length of the
string whichever is greater. A conductor of actual size to be used in service or of diameter not
less thanl cm and length 1.5timesthelength ofthestring is secured in thesuspension clamp and
should lie in a horizontal plane.

Thetest voltageis applied between the conductorand the cross arm and connection from
the impulse generator is made with a length of wire to one end of the conductor. For higher
operating voltages where the length ofthe string islarge, it isadvisable to sacrifice the length of
theconductorasstipulatedabove.Instead,itisdesirableto bendtheendsofthe conductoroverin a large
radius. For tension insulators the arrangement is more or less same as in suspension insulator
except that it should be held in an approximately horizontal position under a suitable tension
(about 1000 Kg.).For testing pin insulators or line post insulators, these should be
mountedontheinsulatorpinorlinepostshankwithwhichtheyaretobeusedinservice.  Thepin  orthe
shankshould befixed ina verticalpositiontoa horizontalearthedmetalcross arm situated
0.9mabovethefloorofthelaboratory.
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A conductor of 1 cm diameter is to belaid horizontally in the top groove of the insulator
and secured by atleast oneturn of tie-wire, not less than0.3 cm diameter inthe tie-wire groove.
The length of the wire Should be at least 1.5 times the length of the insulator and should over
hang the insulator at least 0.9 mon either side ina direction at rightangles to the cross arm. The
test voltage is applied to one end of the conductor. High voltage testing of electrical equipment
requirestwotypesoftests:(i) Typetests,and(ii)Routinetest. Typetestsinvolvesqualitytesting of
equipment at the design and development level i.e. samples of the product are takenandare
tested when a new productis being developed and designed oran old productis tobe redesigned
and developed whereas the routine tests are meant to check the quality of the individual test
piece. This is carried out to ensure qualityand reliability of individual test Objects.

Highvoltagetestsinclude(i) Power frequencytestsand(ii)Impulsetests. Thesetestsare
carried out on all insulators.

(i) 50%dryimpulseflashovertest

Thetestiscarriedout ona cleaninsulator mountedasina normal working condition. An
impulse voltage of1/50 p sec. wave shape and ofan amplitude which can cause 50% flash over
of the insulator, is applied, i.e. of the impulses applied 50% of the impulses should cause flash
over.Thepolarityoftheimpulseisthenreversedandprocedurerepeated. Theremustbeatleast
20 applications of the impulse in each case and the insulator must not be damaged. The
magnitudeoftheimpulsevoltageshouldnotbelessthanthat specifiedin standardspecifications.

(if) Impulsewithstandtest

The insulator is subjected to standard impulse of 1/50 p sec. wave of specified value
under dry conditions with both positive and negative polarities. If five consecutive applications
do not cause any flash over or puncture, the insulator is deemed to have passed the impulse
withstand test. If out of five, two applications cause flash over, the insulator is deemed to have
filed the test.

(iii) Dryflashoveranddryoneminutetest

Power frequency voltage is applied to the insulator and the voltage increased to the
specified valueand maintained for oneminute.Thevoltageisthenincreasedgraduallyuntilflash
overoccurs.Theinsulatoristhenflashedoveratleastfourmoretimes,thevoltageisraisedgraduallyto
reach flash over in about 10 seconds. The mean of at least five consecutive flash over voltages
must not be less than the value specified in specifications.

Page1150f152
ELECTRICALANDELECTRONICSENGINEERING



EE8701 HIGHVOLTAGEENGINEERING

(iv) Wetflashoverandoneminuteraintest

Ifthetestiscarried outunderartificialrain,itiscalled wet flash overtest.Theinsulatoris
subjected to spray of water of following characteristics:

Precipitationrate3£10%mm/min.Direction45°tothevertical
Conductivity of water 100micro Siemens + 10%Temperature of water ambient +15°C

Theinsulatorwith50%oftheone-min.raintestvoltageappliedtoit,isthensprayedfor
twoMinutes,thevoltagerosetotheoneminutetestvoltageinapproximately10sec.and
maintained therefore one minute. The voltage is then increased gradually till flash over occurs
and the insulator is then flashed at least four more times, the time taken to reach flash over
voltage being in each case aboutl0 sec. The flash over voltage must not be less than the value
specified in specifications.

(v) Temperaturecycletest

The insulator is immersed in a hot water bath whose temperature is 70° higher than
normal waterbath forT minutes.ltisthentaken outand immediatelyimmersedinnormal water bath
for T minutes. After T minutes the insulator is again immersed in hot water bath for T minutes.
The cycle is repeated three times and it is expected that the insulator should withstand thetest
without damageto theinsulator or glaze.Here T = (15 + W/1.36)where Wis the weight of the
insulator in Kg°s.

(vi) Electro-mechanicaltest

The test is carried out only on suspension or tension type of insulator. The insulator is
Subjected to a 2% times the specified maximum working tension maintained for one minute.
Also, simultaneously75%ofthedryflashover voltageisapplied.Theinsulator shouldwithstand this
test without any damage.

(vii) Mechanicaltest

This is a bending test applicable to pin type and line-post insulators. The insulator is
subjected to a load three times the specified maximum breaking load for one minute. There
should be no damagetothe insulatorand in case ofpost insulator the permanent set must beless
than 1%. However, in case of post insulator, the load is then raised to three times and there
should not be any damage to the insulator and its pin.

(viii) Porositytest

The insulator is broken and immersed in a 0.5% alcohol solution of fuchsine under a
pressure of 13800 kN/m2 for 24 hours. The broken insulator is taken out and further broken. It
should not show any sign of impregnation.
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(ix) Puncturetest

An impulse over voltage is applied between the pin and the lead foil bound over the top
and side grooves in case of pin type and post insulator and between the metal fittings in case of
suspension type insulators. The voltage is 1/50 p sec. wave with amplitude twice the 50%
impulse flash overvoltage and negative polarity. Twenty such applications are applied. The
procedure isrepeated for 2.5,3,and 3.5 timesthe50%impulse flashover voltage and continued till
the insulator is punctured. The insulator must not puncture if the voltage applied is equal to the
one specified in the specification.

(x) Mechanicalroutinetest

The stringin insulator is suspendedverticallyor horizontallyanda tensile 10ad20% in
Excessofthe maximum specified workingloadisapplied forone minuteandnodamagetothe string
should occur.

TestingOfCables

HighvoltagepowercableshaveprovedquiteusefulespeciallyincaseofHVd.c.transmission.Undergr

ounddistributionusingcablesnotonlyaddstotheaestheticlooksofa metropolitancitybutit provides
better  environments and more reliable supply to the consumers.

PreparationofCableSampleThecablesamplehastobecarefullypreparedforperforming
varioustestsespeciallyelectricaltests. Thisisessentialtoavoidanyexcessiveleakageorendflashover‘swhic
h otherwise may occur during testing and hencemay give wrong informationregardingthe
qualityof cables.The lengthof thesample cable variesbetween50cmsto10m. The terminations are
usually made by shielding the ends ofthe cable with stress shields soas to relievethe ends from
excessive high electrical stresses. A cable is subjected to following tests:

(i) Bendingtests

It is to be noted that a voltage test should be made before and after a bending test. The
cable is bent round a cylinder of specified diameter to make one complete turn. It is then
unwound andrewound inthe opposite direction. The cycle is to berepeated threetimes.

(if) Loadingcycletest

A test loop, consisting of cable and its accessories is subjected to 20 load cycles with a
Minimum conductor temperature 5°C in excess of the design value and the cable is energized
tol.5 times the working voltage. The cable should not showany sign of damage.

(iii) Thermalstabilitytest

Aftertestasat(ii),thecableisenergizedwithavoltagel.5timestheworkingvoltageforacableof
132 kV rating (the multiplying factor decreases with increases in operating voltage) and the
loading current is so adjusted that the temperature of the core of the cable is 5°C higher than its
specified permissible temperature.The current should be maintained atthis value for six hours.
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(iv) Dielectricthermalresistancetest

The ratio of the temperature difference between the core and sheath of the cable and
theHeatflowfromthecablegivesthethermalresistanceofthesampleofthecable.ltshould be within
the limits specified in the specifications.

(v) Lifeexpectancytest

In order to estimate life ofa cable,anaccelerated lifetest is carried out by subjecting the
Cable to a voltage stress higher than the normal working stress. It has been observed that the
relation between the expected life of the cable in hours and the voltage stress is given by gKn
t=whereKisaconstantwhichdependsonmaterialandnisthelifeindexdependingagainonthe material.

(vi) Dielectricpowerfactortest

HighVoltageScheringBridgeisusedtoperformdielectricpower factor testonthecable
Sample. The power factor is measured for different values of voltages e.g. 0.5, 1.0, 1.5 and 2.0
times the rated operating voltages. The maximum value of power factor at normal working
voltage doesnot exceed a specified value(usually 0.01)ata seriesoftemperaturesranging from
15°C to 65°C. The difference in the power factor between rated voltage and 1.5 times the rated
voltage and the rated voltage and twice the rated voltage does not exceed a specified value.
Sometimesthe sourceisnotableto supply charging current requiredbythetest cable,a suitable
choke in series with the test cable help sin tiding over the situation.

(vii) Powerfrequencywithstandvoltagetest

Cables are tested for power frequency a.c. and d.c. voltages. During manufacture the
entire cable is passed through a higher voltage test and the rated voltage to check the continuity
ofthecable.As aroutinetestthecableissubjectedtoavoltage2.5 timestheworkingvoltagefor 10 min
without damaging the insulation of the cable. HV d.c. of 1.8 times the rated d.c. voltage of
negative polarity for30 min. is applied and the cable is said to have withstood the test if no
insulation failure takes place.

(viii) Impulsewithstandvoltagetest

Thetest cableissubjectedtol0 positiveand10 negativeimpulsevoltageofmagnitudeas
specified in specification, the cable should withstand 5 applications without any damage.
Usually, after the impulse test, the power frequency dielectric power factor test is carried out to
ensure that no failure occurred during the impulse test.

(ix) Partialdischargetest

Partial discharge measurement of cables is very important as it gives an indication of
expected life of the cable and it gives location of fault, if any, in the cable. When a cable is
subjectedtohighvoltageandifthereisavoidinthecable,thevoidbreaks  downandadischarge takes
place. Asa result,thereis a sudden dip in voltagein the form of an impulse. Thisimpulse
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travels along the cable. The duration between the normal pulse and the discharge pulse is
measuredonthe oscilloscopeandthis distancegivesthelocation ofthe void fromthe test end of the
cable. However, the shape of the pulse gives the nature and intensity of the discharge. In order to
scan the entire length of the cable against voids or other imperfections, it is passed through a
tube of insulating material filled with distilled water. Four electrodes, two at the end and two in
the middle of the tube are arranged. The middle electrodes are located at a stipulated distance
and these are energized with high voltage. The two end electrodes and cable conductor are
grounded. Asthe cableis passed between the middle electrodes, ifa dischargeis seen on the
oscilloscope, a defect in this part of the cable is stipulated and hence this part of the cable is
removed from the rest of the cable.

TestingofBushings

Bushingsarean integral component of high voltage machines. Abushing isused to bring
high voltage conductors through the grounded tank or body of the electrical equipment without
excessive potential gradients between the conductor and the edge of the hole in the body. The
bushing extends into the surface of the oilat one endandthe other endis carriedabove the tank to a
height sufficient to prevent breakdown due to surface leakage.

Followingtestsarecarriedoutonbushings:

(i) PowerFactorTest

The bushing is installedas in service or immersed in oil. The high voltage terminal of the
bushingisconnectedto highvoltageterminal oftheScheringBridgeandthetank orearthportion ofthe
bushingis connectedto the detector ofthe bridge.The capacitance and p.f. of the bushing is
measured at different voltages as specified in the relevant specification and the capacitance and
p.f. should be within the range specified.

(if) ImpulseWithstandTest

The bushingissubjected to impulse wavesofeither polarity or magnitudeasspecifiedin the
standard specification. Five consecutive full waves of standard wave form (1/50 p sec.) are
appliedandif two ofthem cause flash over, the bushingis said to be defective.If only one flash

(iii) ChoppedWaveandSwitchingSurgeTest

Chopped wave and switching surge of appropriate duration tests are carried out on high
voltage bushings. The procedure isidentical to the one given in (ii) above.

(iv) PartialDischargeTest

In order to determine whether there is deterioration or not of the insulation used in the
bushing, this test is carried out.The shape ofthedischarge isan indication ofnature and severity
ofthe defect inthe bushing. Thisis consideredto bea routinetest for High voltage bushings.

(v) VisibleDischargeTestatPowerFrequency
The test is carried out to artain whether the given bushing will give rise to ratio
interference or not during operation. The test is carried out in a dark room. The voltageas
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specified isappliedto the bushing (1S2099).No dischargeother than that fromthe grading rings or
arcing horns should be visible.

(vi) PowerFrequencyFlashOverorPunctureTest

(Under Oil): The bushing is either immersed fully in oil or is installed as in service
condition. This test is carried out toartain that the internal breakdown strength of the bushing is
15% more than the power frequency momentary dry withstand test value.

TestingOfpowercapacitor

power capacitor are one of part ofthe modern power system. These are used to control
the voltage profile ofthe system. Following testsare carried out on shunt power capacitors (IS
2834):

(i) RoutineTests

Routine tests are carried out on all capacitors at the manufacturer‘s premises. During
testing, the capacitors should not breakdown or behave abnormally or show any visible
deterioration.

(i) TestforOutput

Ammeter and Voltmeter can be used to measure the KVAr and capacitance of the
capacitor. ThekVAr calculated should not differ by morethan —5 to+10% ofthespecified value
for capacitor units and 0 t010% for capacitors banks. The a.c. supply used for testing capacitor
should have frequency between 40 Hz to 60 Hz, preferably as near as possible to the rated
frequency and the harmonics should be minimum.

(iii) TestbetweenTerminals

Everycapacitorissubjectedtooneofthefollowingtwotestsfor10secs:

(iii) D.C.test;thetestvoltagebeingVVt=4.3V0
(iv) A.C.testVt=2.15 V0,

where VO isthe rms value of the voltage between terminals which in the test connection
gives the same dielectric stress in the capacitor element as the rated voltage Vn gives in normal
service.

(iv) TestbetweenLineTerminalsandContainer(Forcapacitor units)

Ana.c.voltageofvaluespecifiedincolumn2ofTable5. lisappliedbetweenthe terminals(short-
circuited)ofthecapacitorunitanditscontainerandismaintainedforone minute, no
damagetothecapacitor should beobserved. Figureswith singlestarrepresent values
correspondingtoreducedinsulationlevel(Effectivelygroundedsystem)andwithdoublestarfull
insulation level (non-effectively grounded system).
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Table5.1Powerfrequencyandimpulsetestvoltages(Betweenterminalsandthecontainer)

Systemvoltage PowerFrequencyTest ImpulseTestvoltage
Kv(rms) \/oltageKv(rms) Kv(peak)

12 28 75

24 50 125

36 70 170

72.5 140 325

145 230* 550*

245 275** 650**

(V) IRTest:

Theinsulation resistance ofthetest capacitoris measured withthehelp ofa megger. The
megger is connected between one terminal of the capacitor and the container. The test voltage
shall be d.c. voltage not less than 500 volts and the acceptable value of IR is more than 50
megohms.

(vi) TestforefficiencyofDischargeDevice:

In order to provide safety to personnel who would be working on the capacitors, it is
desirable to connect very high resistance across the terminals of the capacitor so that they get
discharged in about afewseconds afterthesupply is switched off. Theresidual capacitorvoltage
after the supply voltage is switched off should reduce to 50 volts in less than one minute of the
capacitorisratedupto650voltsand5Sminutesifthecapacitorisratedforvoltagemorethan650volts. A
d.c. voltage2 x rmsrated voltage ofthe capacitor isappliedacrossthe parallelcombination ofR and
C where C is the capacitance of the capacitor under test and R is the high resistance connected
across the capacitor. The supply is switched off and the fall in voltage across the capacitor as a
function of time is recorded. If C is in microfarads and R in ohms, the time to dischargeto 50
volts can be calculated fromthe formula t= 2.3 x 10-6 CR(log10 V — 1.7) secs Where V is the
rated rms voltage ofthe capacitor in volts.

TypeTests

The type tests are carried out only once by the manufacturer to prove that the design of
capacitor complies with the design requirements:

(i) DielectricLossAngleTest(p.f.test):

High voltage Schering Bridge is used to measure dielectric power factor. The voltage
applied is the rated voltage and at temperatures 27°C + 2°C. The value of the loss angle tan &
shouldnotbemorethan10%thevalueagreed  tobetweenthemanufacturerandthepurchaserand it
should not exceed0.0035for mineral oil impregnates and0.005 for chlorinated impregnates.
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(ii) TestforCapacitorLoss:

The capacitor loss includes the dielectric loss of the capacitor and the V2/R loss in the
discharge resistance which is permanently connected. The dielectric loss can be evaluated from
thelossangle as obtainedinthe previous test and V2/R loss can also be calculated. The total

powerlossshouldnotbemorethan10%ofthevalueagreedtobetweenthemanufacturerandconsumer.

(iii) StabilityTest:

The capacitor is placed in an enclosure whose temperature is maintained at +2°C above
the maximum working temperature for 48 hours. The loss angle is measured after 16 hours, 24
hours and 48 hours using High voltage Schering Bridge at rated frequency and at voltage 1.2
times the rated voltage. If the respective values of lossangleare tand1, tan 82 and tand3, these
values should satisfy the following relations (anyone of them):
(a)tand1+tand2<2tand2<2.1tand1or(b)tand1>tand2>tand3

(iv) Impulsevoltagetestbetweenterminalandcontainer:

The capacitor is subjected to impulse voltage of 1/50 p sec. Wave and magnitude as
stipulated in column 3 of Table 5.1. Five impulses of either polarity should be applied between
theterminals(joinedtogether)andthecontainer. Itshouldwithstandthisvoltagewithoutcausing any
flash over.

TESTINGOFPOWERTRANSFORMERS

Transformerisoneofthemost expensiveandimportant equipment in powersystem.Ifit is not
suitably designed its failure may cause a lengthy and costly outage. Therefore, it is very
important to be cautious while designing its insulation, so that it can withstand transient over
voltage both due to switching and lightning. The high voltage testing of transformers is,
therefore, very important and would be discussed here. Other tests like temperature rise, short
circuit, open circuit etc. are not considered here. However, these can be found in the relevant
standard specification. Partial Discharge Test The test is carried out on the windings of the
transformer to assess the magnitude of discharges. The transformer is connected as a test
specimen similar to any other equipment as discussed in and the discharge measurements are
made.The locationand severity offault isartainedusing thetravelling wavetheorytechniqueas
explained. The measurements are to be made at all the terminals of the transformer and it is
estimated that if the apparent measured charge exceeds 104picocoulombs, the discharge
magnitude is considered to be severe and the transformer insulation should be so designed that
the discharge measurement should be much below the value of 104 Pico-coulombs.
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ImpulseTestingofTransformer

The impulse level of a transformer is determined by the breakdown voltage of its minor
insulation (Insulation between turn and between windings), breakdown voltage of its major
insulation (insulation between windings and tank)and the flash over voltage ofits bushings or a
combination of these. The impulse characteristics of internal insulation in a transformer differ
from flash over in air in two main respects. Firstlythe impulse ratio ofthetransformer insulation
ishigher(variesfrom2.1 to2.2)thanthatofbushing(1.5 forbushings,insulatorsetc.).Secondly, the
impulse breakdown of transformer insulation in practically constant and is independent of time
of application of impulse voltage.

KV
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Figure:5.1Volttimecurveoftypicalmajorinsulationintransformer

Fig.5.1 shows that after three micro seconds the flash over voltage is substantially
constant. The voltage stress between the turns of the same winding and between different
windings of the transformer depends upon the steepness of the surge wave front. The voltage
stress may further get aggravated by the piling up action of the wave if the length of the surge
wave islarge.In fact,dueto high steepness ofthe surgewaves,the first few turns ofthe winding
areoverstressed and that is why the modern practice is to provide extra insulation tothe first few
turns ofthe winding. Fig. 5.2 showsthe equivalent circuit ofa transformer winding for impulse
voltage.
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Figure:5.2Equivalentcircuitofatransformerforimpulsevoltage

Here C1 represents inter-turn capacitance and C2capacitance between winding and the
ground(tank).Inorderthattheminorinsulationwill beabletowithstandtheimpulsevoltage,the
winding is subjected to chopped impulse wave of higher peak voltage than the full wave.This
chopped waveisproduced by flash over ofarod gap or bushing in parallel with thetransformer
insulation. The chopping time is usually 3 to 6 micro seconds. While impulsevoltage is applied
between one phase and ground, high voltages would be induced in the
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secondary of the transformer. To avoid this, the secondary windings are short-circuited and
finally connected to ground. The short circuiting, however, decreases the impedance of the
transformer and hence posesproblem inadjusting the wave frontand wave tailtimingsof wave.
Also, the minimum value ofthe impulse capacitance required is given by

F x10°
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Figure:5.3Arrangementforimpulsetestingoftransformer

Where P = rated MVA of the transformer Z = per cent impedance of transformer. V =
rated voltage of transformer. Fig. 5.3 shows the arrangement of the transformer for impulse
testing. CRO forms an integral part of the transformer impulse testing circuit. It is required to
record to wave forms of the applied voltageand current through the winding under test.

Impulsetestingconsistsofthefollowingsteps:

(iv) Applicationofimpulseofmagnitude75%oftheBasicimpulseLevel(BIL)of the
transformer under test.

(v) Onefullwaveofl100%ofBIL.

(vi) Twochoppedwaveofl15%ofBIL.
(vii)  Onefullwaveofl100%BILand
(viii)  Onefullwaveof75%o0fBIL.

During impulse testing the fault can be located by general observation like noise in the
tank or smoke or bubble in the breather. If there is a fault, it appears on the Oscilloscope as a
partial ofcomplete collapseoftheappliedvoltage. Study ofthe wave form oftheneutral current also
indicated the type of fault. If an arc occurs between the turns or form turn to the ground, a
trainofhighfrequencypulsesare seenontheoscilloscopeand wave shapeofimpulse changes.If it is a
partial discharge only, high frequency oscillations are observed but no change in wave shape
occurs. The bushing forms an important and integral part of transformer insulation. Therefore,
its impulse flash over must be carefully investigated. The impulse strength of the transformer
winding is same for either polarity of wave whereas the flash over voltage for bushing is
different for different polarity. The manufacturer, however, while specifying the impulse
strength of the transformer takes into consideration the overall impulse characteristic of the
transformer.
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TestingOfCircuitBreakers

Equipments when designed to certain specification and is fabricated needs testing for its
performance. The general design is tried and the results of such tests conducted on one selected
breaker and are thus applicable to all others of identical construction. These tests are called the
type tests. These tests are classified as follows:

(i) Shortcircuittests:
e Makingcapacitytest. »
Breakingcapacitytest.
Shorttimecurrenttest.

e Operatingdutytest

2. Dielectrictests:

Powerfrequencytest:
e Oneminutedrywithstandtest.
Oneminutewet withstand test.
¢ Impulsevoltagedrywithstandtest.
3. Thermaltest.

4, Mechanicaltest

Once a particular design is found satisfactory, a large number of similar C.Bs. are
manufactured for marketing.Every pieceof C.B isthen tested beforeputtinginto service. These
testsareknownasroutinetests.With thesetestsitis possible to find outifincorrectassembly or
inferior qualitymaterial hasbeenusedfor provendesignequipment.Thesetestsareclassifiedas

(i)operationtests(ii)millvoltdroptests, (iii)powerfrequencyvoltagetestsat manufacturer‘s
premises, and (iv) power frequency voltage testsafter erection on site.

We will discuss firstthe typetests.Inthatalso we willdiscussthe short circuittests after the
other three tests. Dielectric TestsThe general dielectric characteristics ofany circuit breaker or
switchgear unit depend upon the basic design i.e. clearances, bushing materials, etc. upon
correctness and accuracy in assembly and upon the quality of materials used. For a C.B. these
factors are checked from the viewpoint of their ability to withstand over voltages at the normal
service voltageand abnormal voltages during lightning or other phenomenon.

Thetest voltage isapplied fora period ofone minute between(i) phaseswiththebreaker
closed, (ii) Phases and earth with C.B. open, and (iii) across the terminals with breaker open.
With this the breaker must not flash over or puncture.

Thesetestsarenormallymadeonindoorswitchgear.ForsuchC.Bs theimpulsetests
generallyareunnecessary because itis not exposedto impulse voltage of a very high order.The
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high frequency switching surges do occurbut the effect of these in cablesystems used forindoor
switchgear are found to be safely withstood by the switchgear if it has withstood the normal
frequency test. Since the outdoor switchgear is electrically exposed, they will be subjected to
over voltages caused by lightning. The effect of these voltages is much more serious than the
power frequency voltages in service. Therefore, this class of switchgear is subjected in addition
to power frequency tests, the impulse voltage tests. The test voltage should be a standard 1/50
usec wave, the peak value of which is specified according to the rated voltage of the breaker. A
higher impulse voltage is specified for non-effectively grounded system than those for solidly
grounded system. The test voltages are applied between (i) each pole and earth in turn with the
breaker closed and remaining phases earthed, and (ii) between all terminals on one side of the
breaker and all the other terminals earthed, with the breaker open. The specified voltages are
withstanding values i.e. the breaker should not flash over for 10 applications of the wave.
Normally thistestis carried out with waves of both the polarities.The wet dielectric test is used
for outdoor switchgear.Inthis,the external insulation is sprayed fortwo minutes whiletherated
servicevoltageis applied,thetestovervoltageisthenmaintained for30secondsduring whichno flash
over should occur. The effect of rain on external insulation is partly beneficial, insofar as the
surface isthereby cleaned, but isalso harmful if therain contains impurities.

ThermalTests

These tests are made to check the thermal behavior of the breakers. In this test the rated
currentthroughallthreephasesoftheswitchgearispassedcontinuouslyforaperiodlongenough to
achieve steady state conditions. Temperature readings are obtained by means of thermocouples
whose hot junctions are placed in appropriate positions. The temperature rise aboveambient, of
conductors, must normally not exceed 40°C when the rated normal current is less than 800 amps
and 50°C if it is 800amps and above.

An additional requirement in the type test is the measurement of the contact resistances
between the isolating contacts and between the moving and fixed contacts. These points are
generallythemainsourcesofexcessiveheatgeneration. Thevoltagedropacrossthebreakerpole is
measured for different values of d.c current which is a measure of the resistance ofcurrent
carrying parts and hence that of contacts.

Mechanical Tests

A C.B.mustopenandclose atthecorrectspeedandperformsuchoperationswithout
mechanical failure. The breaker mechanism is, therefore,subjected to amechanical endurance
typetestinvolvingrepeatedopeningandclosingofthebreaker.B.S.116:1952requires500such
operationswithoutfailureandwithnoadjustmentofthemechanism.Somemanufacturefeelthatas
many as 20,0000perations may be reached before any useful information regarding the possible
causesoffailuremaybeobtained. Aresultingchangeinthematerialor dimensionsofaparticular
component may considerably improve the life and efficiency ofthe mechanism.

ShortCircuitTests

ThesetestsarecarriedoutinshortcircuittestingstationstoprovetheratingsoftheC.Bs.
Beforediscussingthe testsit isproper todiscussabout theshort circuittesting stations.
Therearetwotypesoftestingstations;(i)fieldtype,and(ii)laboratorytype.Incaseoffieldtypestationsthe
power required for testing is directlytaken from a large power system. The breaker
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tobetestedisconnectedtothesystem.Whereasthismethodoftestingiseconomicalforhigh voltage
C.Bs. it suffers from the following drawbacks:

e Thetests cannot berepeatedlycarriedout forresearchanddevelopmentasit disturbsthe
whole network.

Thepoweravailabledependsuponthelocationofthetestingstations,loadi
ngconditions, Installed capacity, etc.

e Test conditions like the desired recovery voltage, the RRRV etc. cannot be achieved
conveniently. In case of laboratory testing the power required for testing is provided by
specially designed generators.

Thismethodhasthefollowingadvantages:

1. Testconditionssuchascurrent,voltage,powerfactor,restrictingvoltagescanbecontrolledaccu
rately.

2. Severalindirecttestingmethodscanbeused.

3. Testscanberepeatedandhenceresearchanddevelopmentoverthedesignispossible.

Thelimitationsofthismethodarethecostandthelimitedpoweravailabilityfortestingthebreakers.
ShortCircuitTestPlants

The essential components of a typical test plant are represented in Fig. 5.4. The short-
circuit power is supplied by specially designed short-circuit generators driven by induction
motors. The magnitude of voltage can be varied by adjusting excitation of the generator or the
transformer ratio. A plant master breaker is available to interrupt the test short circuit current if
the test breaker should fail. Initiation of the short circuit may be by the master breaker, but is
always done by a making switch which is specially designed for closing on very heavy
currentsbut never called upon to break currents. The generator winding may be arranged for
either star or delta connectionaccording to thevoltagerequired; by further dividing thewinding
into two sections which may be connected in series or parallel, a choice off our voltages is
available. In addition to this the use of resistors and reactors in series gives a wide range of
currentandpower factors.Thegenerator,transformerandreactorsarehousedtogether,usuallyin  the
building accommodating the test cells.

Test

Master breaker

breaker

Master
switch =

Figure:5.4Schematicdiagramofatypicaltestplant
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Generator

Theshortcircuitgeneratorisdifferentindesignfromtheconventionalpowerstation. Thecapacity
ofthesegeneratorsmaybeoftheorderof2000MV Aandveryrigidbracingofthe conductors and coil
ends is necessary in view of the high electromagnetic forces possible. Thelimiting factor for the
maximumoutput current is the electromagnetic force. Since the operation
ofthegeneratorisintermittent,thisneednotbeveryefficient. Thereductionofventilation enables the
main flux to be increased and permits the inclusion of extra coil end supports. Themachine
reactance is reduced to a minimum.

Immediatelybeforetheactualclosingofthemakingswitchthegeneratordrivingmotorisswitched
out and theshortcircuitenergy is takenfrom the kineticenergy of the generatorset. This is done to
avoid any disturbance to the system during short circuit. However, in this case it
isnecessarytocompensateforthedecrementingeneratorvoltagecorrespondingtothe
diminishinggeneratorspeedduringthetest.This isachievedbyadjustingthegeneratorfield excitation
to increase at a suitable rate during the short circuit period. The resistors are used to control the
p.f ofthe current and to control the rate of decay ofd.c component of current. There are a number
of coils per phase and by combinations of series and parallel connections desired value of
resistance and/or reactance can be obtained. These are used for breaking line charging currents
and for controlling the rate of re-striking voltage.

ShortCircuitTransformers

Theleakagereactance ofthetransformerislow soasto withstandrepeated shortcircuits. Since
they are in use intermittently, they do not pose any cooling problem. For voltage higher than the
generated voltages, usually banks of single phase transformers are employed. In the
shortcircuitstation atBhopaltherearethreesinglephaseunitseachofl1kV/76kV.Thenormal rating is
30 MV A but their short circuit capacity is475 MV A. Master C.Bs.

Thesebreakersare provided as backup which will operate, should the breaker under test
fail to operate. This breaker is normally air blast type and the capacity is more than the breaker
under test. After every test, it isolates the test breaker from the supply and can handle the full
short circuit of the test circuit.

MakeSwitch

The make switch is closed after other switches are closed. The closing of the switch is
fast, sure and without chatter. In order to avoid bouncing and hence welding of contacts, a high
airpressure ismaintainedinthe chamber.The closing speed ishigh so that the contactsare fully
closed before the short circuit current reaches its peak value.

TestProcedure

Before the test is performed all the components are adjusted to suitable values so as to
obtaindesiredvaluesofvoltage, current,rateofrise  ofrestricting voltage,p.f.etc. Themeasuring
circuits are connected and oscillograph loops are calibrated. During the test several operations
are performed in a sequence in a short time of the order 0f0.2 sec. This is done with the help of
adrum switch with several pairs of contacts which isrotated with a motor.This drum
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whenrotatedclosesandopensseveralcontrolcircuitsaccordingtoacertainsequence. Inoneof the
breaking capacity tests the following sequence was observed:
Afterrunningthemotortoaspeedthesupplyisswitchedoff.

Impulseexcitation is switched on.

Master C.B. is  closed.

Oscillographisswitchedon.

Makeswitchisclosed.

C.B. under test is opened.

Master C.B. is opened.

Excitercircuitisswitchedoff.

ThecircuitfordirecttestisshowninFig.5.5

Figure:5.5Circuitfordirecttesting

Here XG = generator reactance, S1 and S2 are master and make switchesrespectively. R
and X are the resistance and reactance for limiting the current and control of p.f.,, T is the
transformer,C,R1 andR2 isthecircuit foradjusting therestricting voltage. For testing, breaking
capacity of the breaker under test, master and breaker under test are closed first. Short circuit is
applied by closing the making switch. The breaker under test is opened at the desired moment
and breaking current is determined from the oscillograph as explained earlier. For making
capacity test the master and the make switches are closed first and short circuit is applied by
closing the breaker under test. The making current is determined from the oscillograph as
explainedearlier.For short-timecurrenttest,thecurrentispassedthroughthebreaker forashort- time
sayl second and the oscillograph is taken as shown in Fig. 5.6.From the oscillogram the
equivalent r.m.s value of short-time current is obtained as follows:

ThetimeintervalOtoTisdividedintol0equalpartsmarkedas0,1,2...,9and10.Let

ther.m.svalueofcurrentsattheseinstantsbel 0,11,12...19and110(asymmetricalvalues). From these
values, ther.m.s value of short-time current is calculatedusing Simpson formula.

Current T

VIVIRANAAD
c Y vy yy

4 9 10

Figure5.6Determinationofshort-timecurrent
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Operatingdutytestsareperformedaccordingtostandardspecificationunlessthedutyis marked
on the rating plate ofthe breaker. The testsaccording to specificationsare:

(i) B—3'—B—3"—Bat10%ofratedsymmetricalbreakingcapacity;

(i) B—3—B—3'—Bat30%ofratedsymmetricalbreakingcapacity;

(iii) B—3'—B—3"—Bat60%ofratedsymmetricalbreakingcapacity;

(iv) B—3—MB—3'—MBatnotlessthan100%ofratedsymmetricalbreakingcapacityand

notlessthan100%ofratedmakingcapacity. Testduty(iv)maybeperformedastwoseparatedutiesas follows:

(@) M—3"—M(Maketest);
(b) B—3"—B—3"—B(Breaktest)
(c) B—3"—B—3"—Batnotlessthan100%ratedasymmetricalbreakingcapacity.

Here B and M represent breaking and making operations respectively. MB denotes the
making operation followed by breaking operation without any international time-lag.3’ denotes
the time in minutes between successive operations ofan operating duty.

Testinglsolators

Coupler digital isolators are tested in production to guarantee that both the isolation and
data transmission conform to the data sheet specifications. This is done with a two-pass test
performed on 100% of our products: a High Voltage test followed by a parametric test. This
differs from most non-isolated ICs which are subjected only to parametrictesting.

TheHighVoltagetest

It has two elements: guaranteeing the Isolation Rating and ensuring the integrity of the
isolation barrier. —Isolation Ratingl is the Voltage_(l_60 Hz rms) that can safely be appliedacross
the inputs and outputs of a device for one minute. This rating Is certified by regulatory agencies
such as UL, typical isolation ratings guaranteed on iCoupler devices are 2.5 kV rms and 5 kV
rms. A one minute test in production would be cost-prohibitive, so UL, for example, allows the
test to be reduced to one second provided the test voltage is 120% of the specified isolation
rating; for a 2.5 kV rms isolation rating, the production test is performed at 3 kV rms for one
second, whilea 6 kV rms test is performed to %uarantee a 5 kV rms isolation rating. During this
test, we check for leakage that indicates that barrier has broken down, but leakage current can
alsobe caused bycapacitanceacrossthe isolation barrier.Mostisolatorsratedat2.5 kVrmshave a
leakage current lessthan5 pA whichis proportionalto the voltage across the isolation barrier. This
requiresthat we set testlimitstoaccount forthese two main components ofleakage current during
high voltage testing fig shown in 5.6(a).
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The second element of High Voltage testing checks the integrity of the isolation barrier
using amethod knownas Partial Discharge. This test detects defects, such as cavitiesorvoids, in
the insulation. Applying a high voltage inducesbreakdown in voids or cavitiesin the device and
will transfercharge across thevoid. Therepeatedtransferofcharge can makethevoid larger and
eventually causes the insulation to fail. Charge transfer is measured in pico-Coulombs and a
maximumlimit of5 pCatl050 Vpeak.isaccepted per theapplicable VDE standards.Thel050
Vpeak test voltageis calculated from as1.875 timesthe maximum working voltage rating (e.g.,
560 V peak times 1.875 to a meet 1 minute rating. After High Voltage testing the part is then
subjected to parametric testing performance (e.g., supply current, input signal current,
propagationdelay,PulseWidthDistortion,DataRate, Supplyvoltagerange,etc.). Allparameters that
have Min/Max limits on the data sheet are tested 100 %in production.

surgearresters

13
13a 2Z X
14a
14 13b. ’ 1“
I ||][/
14b o= 14b

Figure:5.6(a)surgearresters

A surge arrester is a protective equipment installed between communication equipment
and coaxial cable connector or between two communication equipment's to protect
communication equipment from damage caused by transient state voltage formed by lightning
induction. It adopts quarter-wave technology, is designed according to VSW theory and
frequency spectrum of lightning wave. It has features of quick reaction, big current passing
capacity, wide frequency band, low VSWR, low insertion loss, easy installation and free
maintenance. It can be used to meet protection requirements of various communication
equipment‘s and lightning sensitivity.

Anelectricalapplianceusedtoprotectelectronicequipmentagainstlightningovervoltage
transients. It is usually connected to wires (power phase line, signal line, zero line) and ground
between being protective devices in parallel,when the lightning over-voltage the valueof
therequired actionsvoltage, arrester immediate to limit over-voltage amplitudelead toprotection
equipment and systems, enabling the system to work properly.
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e Low-voltagesurgearresterApplyinLow-voltagedistributionsystem,exchangeof
electricalappliancesprotector,low-voltagedistributiontransformerwindings

DistributionarresterApplyin3KV,6KV,10KVACpowerdistributionsystemtopro
tectdistribution transformers, cables and power station equipment

¢ ThestationtypeofcommonvalvearresterUsedtoprotectthe3~220K Vtransformer  station
equipment and communication system

e MagneticblowvalvestationarresterUseto35~500KVprotect communicationsystems,
transformers and other equipment

ProtectionofrotatingmachineusingmagneticblowvalvearresterUsedtoprotectthe
ACgenerator and motor insulation

LineMagneticblowvalvearresterUsedtoprotect330KVandabovecommunic
ationsystem circuit equipment insulation

¢ DCorblowingvalve-
typearresterUsetoprotecttheDCsystemsinsulationofelectricalequipment

¢ Neutralprotectionarrester Applyinmotororthetransformer‘sneutralprotection

¢ Fiber-tubearresterApplyinthepowerstation‘swiresandtheweaknessesprotectionin the

insulated.

e Plug-inSignalArresterUsedtotwisted-
pairtransmissionlineinordertoprotectcommunications and computer

systems

e High-
frequencyfeederarresterUsedtoprotectthemicrowave,mobilebasestationssatellite
receiver, etc.

* Receptacle-typesurgearrester UsetoProtecttheterminalElectronicequipment

* SignalArresterApplyinMODEM,DDNIine,fax,phone,processcontrolsignalcircuit etc.

Network arrester Apply in servers, workstations, interfaces etc.

CoaxialcablelightningarresterUsedtothecoaxialcableinordertoprotectthewireless ~ transmission
® and receiving system
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TANDELTAMEASUREMENT
Incaseoftimevaryingelectricfields,thecurrentdensityJcusingAmpereslawisgivenby

dD JE
J. =g Et—=0E+€=
4 ot at

Therefore,

chﬁf—ju)EE
=(c+jwe)E

g - ———--———5

0

Figure:5.7Phasordiagramforarealdielectricmaterial

Ingeneral,inadditionto conductionlosses,ionizationandpolarizationlossesalsooccur and,
therefore,thedielectricconstante=¢0crisnolongerarealquantityratheritisacomplexquantity. By
definition, the dissipation factor tan & is the ratio of real component of current Io to the
reactive componentlr(Fig.5.7). Here 6 is the angle between the reactive component of
currentandthetotalcurrentflowingthroughthedielectricatfundamentalfrequency. Whendis ~ very
smalltand =8 whend isexpressedinradiansandtan 6= sind = sin(90 — @)= cos¢ i.e.,tand then
equals the power factor of the dielectricmaterial. As mentioned earlier, the dielectric loss
consists of three components corresponding to the three loss means for each of these an
individual dissipation factor can be given such that mechanism

tan O = tan 5(_ + tan Bp + tan 61‘

Ifonlyconductionlossesoccurthen

tan 0 = g
we, Er
where
; (EI - 8/' : A =
1320f186 gh= 841) =¢ —je&.
0
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er*is called thecomplex relative permittivity orcomplex dielectric constant, ¢’ and €r’ are called
thepermittivityandrelativepermittivityande” ander” are calledtheloss factorandrelativeloss
factorrespectively.T he loss tangent the product ofthe angular frequency and €” is equivalent to
the dielectric conductivity " i.e., (" = wg". The dielectric conductivity takesinto account all the
threepowerdissipativeprocessesincludingtheonewhichisfrequencydependent.Fig.
5.8showstwoequivalentcircuitsrepresentingtheelectricalbehaviorofinsulatingmaterialsunder
a.c.voltages,losseshave beensimulatedbyresistances

Thelosstangent

”
I t‘
tano=—=—-
€

VmC

s
o
1l

I

O
0

VR V

Figure:5.8Equivalentcircuitsforaninsulatingmaterial

Normally the angle between V and the total current in a pure capacitor is 90°. Due to
losses, thisangle is less than 90°. Therefore, o is the angle by which the voltage and charging
current fall short ofthe 90° displacement.

Fortheparallelcircuitthedissipationfactorisgivenby

1
mC 'pRP

tan O =

andfortheseriescircuit

tan = CR,

For a fixed frequency, both the equivalents hold good and one can be obtained from the
other.However,the frequency dependenceisjustthe oppositeinthetwo casesandthisshowsthe

limitedvalidity of these equivalent circuits.Theinformation obtained fromthe measurement

Page1330f152
ELECTRICALANDELECTRONICSENGINEERING



EE8701 HIGHVOLTAGEENGINEERING

oftandandcomplexpermittivityisanindicationofthequalityoftheinsulatingmaterial.

®
Iftandvariesandchangesabruptlywiththeapplicationofhighvoltage,itsh

owsinceptionof internal partial discharge.

The effect to frequency on the dielectric properties can be studied and the band of
frequencies where dispersion occurs i.e., where that permittivity reduces with rise in frequency
can be obtained.

PARTIALDISCHARGEMEASUREMENTS

Whatisa_partialdischarge‘?LetususethedefinitiongiveninthelnternationalStandard of the
IEC (International Electro technical Commission) related to partial discharge measurements,
Partial discharge(PD) is a localized electrical discharge that only partiallybridges the insulation
between conductors and which may or may not occur adjacent to a conductor.This definition is
supplemented bythreenotes, from which only notes1 and2 shall be cited.

NOTE 1 — Partial discharges are in general a consequence of local electrical stress
concentrations in the insulation or on the surface of the insulation. Generally such discharges
appear aspulsesofdurationofmuchlessthanlus.Morecontinuousformsmay,however,occur, as for
example the socalledpulse-less discharges in gaseous dielectrics. This kind of discharge will
normally not be detected by the measurement methods described in this standard.

NOTE 2 — _Corona‘ is a form of partial discharge that occurs in gaseous media around
conductors which are remote from solid or liquid insulation.® Corona‘ should not be used as a
general term for all forms of PD.No further explanations are necessary to define this kind of
phenomena: PDsare thus localized electrical discharges within any insulation system as applied
in electrical apparatus, components or systems. In general PDs are restricted to a part of the
dielectric materials used, and thus only partially bridging the electrodes between which the
voltage is applied. The insulation may consist of solid, liquid or gaseous materials, or any
combination of these. The term‘ partial discharge’ includes a wide group of discharge
phenomena:

(i)internaldischargesoccurringinvoidsorcavitieswithinsolidorliquiddielectrics;
(i)
surfacedischargesappearingattheboundaryofdifferentinsulationmaterials;

(iti)corona discharges occurring in gaseous dielectrics in the presence of
inhomogeneousfields;

(iv)Continuousimpactofdischargesinsoliddielectricsformingdischargechannels(treeing).

The significance of partial discharges on the life of insulation has long been recognized.
Everydischargeevent causesa deteriorationofthe material by theenergy impact ofhigh energy
electronsoracceleratedions, causingchemicaltransformationsofmanytypes. As will beshown
later,the number of discharge events duringa chosentime interval is strongly dependent onthe
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kindofvoltageappliedandwillbelargestfora.c.voltages.ltisalsoobviousthattheactual
deteriorationisdependentuponthematerialused.Coronadischargesinairwillhave
noinfluenceonthelifeexpectancyofanoverheadline;butPDswithinathermoplasticdielectric,
e.g.PE,maycausebreakdownwithinafew days.

It is still the aim of many investigations tolerate partial discharge to the lifetime of
specifiedmaterials.Such aquantitativelydefinedrelationshipis,however,difficulttoensure.PD
measurements have nevertheless gained great importance during the last four decades and large
number publications are concerned either with the measuring techniques involved or with the
deterioration effects of the insulation. The detection and measurement of dischargesis based on
the exchange of energy taking place duringthe discharge. These exchanges are manifested as:

(i) electricalpulsecurrents(withsomeexceptions,i.e.sometypesofglowdischarges);

(if) Dielectriclosses;

(iii) e.m.radiation(light);

(iv) Sound(noise);increasedgaspressure;
(v) Chemicalreactions.

Therefore,dischargedetectionandmeasuringtechniquesmaybebasedontheobservation
ofany oftheabovephenomena.Theoldestand simplestmethodreliesonlisteningtotheacoustic noise
fromthedischarge,the_hissingtest‘. Thesensitivityis,however,oftenlowand difficulties arise in
distinguishing between dischargesand extraneous noise sources, particularly when tests are
carried out on factory premises. It is also well known that the energy released by PD will
increasethedissipation factor;a measurementoftanvindependencyofvoltageapplied displays an
_ionization knee‘, a bending of the otherwise straight dependency. This knee, however, is
blurred and not pronounced, even with an appreciable amount of PD, as the additional losses
generated in very localized sections can be very small in comparison to the volume losses
resulting from polarization processes.

The use of optical techniques is limited to discharges within transparent media and thus
not applicable in most cases. Only modern acoustical detection methods utilizing ultrasonic
transducers can successfully be used to localize the discharges. These very specialized methods
arenottreatedhere. The most frequentlyused and successfuldetectionmethodsarethe electrical
ones, to which the new IEC Standard is also related. These methods aim to separate the impulse
currents linked with partial discharges from another phenomena. The adequate application of
different PD detectors which became now quite well defined and standardized presupposes
fundamental knowledge about the electrical phenomena within the test samples and the test
circuits. Thusanattemptismadetointroducethereadertothebasicsofthesetechniqueswithout full
treatment, which would-betoo extensive. Not treated here, however, are non-electrical methods
for PD detection.

ThebasicPDtestcircuit
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Electrical PD detection methods are based on the appearance of a _PD (current or
voltage) pulse at the terminals of a test object, which may be either a simple dielectric test
specimen for fundamentalinvestigationsor evenalargeh.v.apparatuswhichhastoundergoaPD test.
For the evaluation of the fundamental quantities related to a PD pulse we simulate the test
object, as usual, by the simple capacitor arrangement as shown in Fig.5.9(a), comprisingsolid
orfluid dielectric materials between the two electrodes or terminals A and B, and a gas- filled
cavity. The electric field distribution within this test object is here simulated by some partial
capacitances, which is possible as long as no space charges disturb this distribution. discharge
current whichcannotbemeasured, wouldhavea shapeasgovernedbythegasdischargeprocess and
wouldin general besimilar to aDiracfunction, i.e. thisdischargecurrent isgenerallyavery short
pulse in the nanosecond range. Let us now assume that the sample was charged to the voltage
Va but the terminals A, B are nolonger connected toa voltage source.

A
O
Vb
Cp ==
W@ T o s
Ce == m
Ve R,
O
B
(b)
Figure:5.9SimulationofaPDtestobject.(a)Schemeofaninsulation system

comprising a cavity. (b) Equivalent circuit

If the switch Sis closed and Cc becomes completely discharged, the current i releases
charge vqc D Ccv Ve from Cc, a charge which is lost in the whole system asassumed for
simulation. By comparing the charges within the system before and after this discharge, we
receive the voltage drop across the terminal vVa as This voltage drop contains no information
aboutthechargevqc, butitisproportionaltoCbvVc,a magnitudevaguely relatedtothischarge, as
Cbwill increase with the geometric dimensions of the cavity. Va is clearly a quantity which
could be measured.

It is a negative voltage step with a rise time depending upon the duration of ic. The
magnitude ofthe voltage step, however, is quite small, although vVc is ina range of somel02to
103 V; but the ratio Cb/Ca will always be very small and unknown according to eqn. Thus a
direct detection of this voltage step by measurement of the whole input voltage would be a
tedious task. The detection circuits are therefore based upon another quantity, which can
immediately be derived froma nearly complete circuit shownin Fig. 5.10.

Cb

8V, = — 4V,
Cu T Cb
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Figure:5.10ThePDtestobjectCtwithinaPDtestcircuit

The test object, Fig. 5.9 (a), is now connected to a voltage source V, in general an a.c.
power supply. An impedance Z, comprising either only the natural impedance of the lead
betweenvoltagesourceandtheparallelarrangement ofCKandenlarged byaPD-freeinductance or
filter, may disconnect the _coupling capacitor’ CK and the test specimen Ct from the voltage
source during the short duration PD phenomena only. Then CK is a storage capacitoror quite a
stable voltage source during the short period of the partial discharge. It releases a charging
current ortheactual_PD currentpulse‘i betweenCKandCtandtriesto cancelthe voltage drop
vVaacrossvVaiscompletely compensatedandthechargetransfer providedbythecurrent pulse i is
given by

g= /i(l): (Ca 4+ Cp)dV,

Withegnthischargebecomes

o = C[,(SV‘.

and is the so-called apparent charge of a PD pulse, which is the most fundamental
quantity ofall PD measurements. The word_apparent® wasintroduced becausethis chargeagain is
not equal to the amount of charge locally involved at the site of the discharge or cavity Cc. This
PD quantity is much more realistic than Va in eqn as the capacitance Ca of the test object, which
is its main part of Ct, has no influence on it. And even the amount of charge as locally involved
during a discharge process is of minor interest, as only the number and magnitude of their dipole
moments and their interaction with the electrodes or terminals determine the magnitude of the
PD current pulse. The condition CK xCa_.DCt is, however, not always applicable in practice,as
either Ct is quite large, or the loading ofan a.c. power supply becomes high and the cost of
building such a large capacitor, which must be free of anyPD, is not economical.
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For a finite value of CK the charge q or the current isreduced, as the voltage across CK
will also drop during the charge transfer. Designating this voltage drop by vVia, we may
compute this value byassuming that the same charge Cb, V¢ has to betransferredin the circuits of
Figs 5.9(b) and 5.10 . Therefore The relationship gm/q indicates the difficulties arising in PD
measurements for test objects of large capacitance values Ct. Although CK and Ct may be
known, the ability to detect small values of q will decrease as all instruments capable of
integrating the currents i will havea lower limit for quantifying.

Equation therefore sets limits for the recording of_pi co coulombs® in large test objects.
During actual measurements, however, a calibration procedureis needed during which artificial
apparent charge q of well-known magnitude is injected to the test object, critical note is made
with reference to the definition of the apparent charge q as given in the new IEC Standard
60270.31 The original text of this definition is:apparent charge q of a PD pulse is that unipolar.
charge which, if injected within a very short time between the terminals of the test object in a
specifiedtestcircuit,wouldgivethesamereadingonthemeasuringinstrumentasthe PDcurrent pulse
itself. The apparent charge is usually expressed inpicocoulombs.

Thisdefinitionendswith:

NOTE — The apparent charge is not equal to the amount of charge locallyinvolved at the
site of the discharge and which cannot be measured directly. This definition is an indication of
the difficulties in understanding the physical phenomena related to a PD event. As one of the
authors of this book has been chairman of the International Working Group responsible for
setting up this new standard, he is familiar with these difficulties and can confirm that the
definition is clearly a compromise which could be accepted by the international members of the
relevant Technical Committee of IEC. The definition is correct. It relates to a calibration
procedure of a PD test and measuring circuit, as already mentioned above. The _NOTE",
however, is still supporting the basically wrong assumption that a certain amount or number of
charges at the site of the discharge should be measured. As already mentioned: it is not the
number ofchargesproducing thePD currents, butthenumber ofinduced dipole momentswhich
produce a sudden increase in the capacitance ofthe test object.

PDcurrents

Before discussing the fundamentals of the measurement of the apparent charge some
remarks concerning the PD currentsi will behelpful,as much oftheresearch work hasbeenand is
still devoted to these currents, which are difficult to measure with high accuracy. The difficulties
arise for several reasons. If V is ana.c. voltage,the main contribution of the currents flowing
within the branches CKand Ct ofFig. 5.10 are displacement currentsC dV/dt,and both are nearly
in phase. The PD pulse currents i with crest values in the range of sometimes smaller than 104
A, are not only small in amplitude, but also of very short duration. If no stray capacitancein
parallel to CKwerepresent, Iwould bethesamein both branches, but ofopposite polarity. For
accurate measurements, a shunt resistor with matched coaxial cable may be
introducedinthecircuitasshowninFig.5.11.ThevoltageacrosstheCRO(ortransientrecorder)input
.Only if the capacitance of the test object is small, which is a special case, will the voltages
referringtothe PD currents i be clearly distinguished from the displacement currentsi
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Figure:5.11MeasurementofP Dcurrentfowsensitivitycircuit

Improvements are possible by inserting an amplifier (e.g. active voltage probe) of very
high bandwidth at the input end of the signal cable. In this way the signal cable is electrically
disconnected from R. High values of R,however, will introduce measuring errors, which are
explained with Fig. 5.12.A capacitance C of some 10 pF, which accounts for the lead between
Ctand earth as well as for the input capacitance ofthe amplifier or other stray capacitances, will
shunt the resistance R and thus bypass or delay the very high-frequency components of the
current i. Thus, ifi isa veryshort current pulse,its shapeand crest valueareheavily distorted, asC
will act as an integrator. Furthermore, with R within the discharge circuit, the current pulsewill
be lengthened, as the charge transfer even with C D 0 will be delayed by a time constant
RCtCK/CtCCK.Botheffectsareinfluencingthe shapeoftheoriginal currentpulse,andthusthe
measurement ofi isa tedioustask and is only made for research purposes.

B o
i (1)

=

Figure:5.12MeasurementofPDcurrents—highsensitivitycircuit

All measured data on current shapes published in many papers are suffering from this
effect. One may, however, summarize the results by the following statements. Partial discharge
currents originated in voids within solids or liquids are very short current pulses of less than a
few nanoseconds duration. This can be understood, as the gas discharge process within a very
limited spaceis developedina very short timeandis terminated bythelimited space for
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movementofthechargecarriers.Dischargeswithinahomogeneousdielectricmaterial,i.e. agas,
produce PD currents with a very short rise time5nsec and a longer tail. Whereas the fast current
rise is produced by the fast avalanche processes the decay of the current can be attributed to the
drift velocity of attached electrons and positive ions within the dielectric. Discharge pulses in
atmosphericair providein general current pulses ofless thanabout 100 nsec duration.

Longer current pulses have only been measured for partial discharges in fluids or solid
materials without pronounced voids, if a number of consecutive discharges take place within a
shorttime.In most of these cases the total duration of Iis lessthanaboutl psec, with only some
exceptionse.g.theusualburstsofdischargesininsulating  fluids. Allthesestatementsrefertotest
circuits  with  verylowinductanceandproperdamping effectswithintheloopCKCt.Thecurrent
Ihowever,mayoscillate,as oscillationsarereadily excitedbythesuddenvoltage dropacrossCt. Test
objects with inherent inductivity or internal resonant circuits,e.g. transformer or
reactor/generator windings, will always cause oscillatory current pulses. Such distortions of the
PD currents, however, do not changethetransferred charge magnitudes,as no dischargeresistor is
in parallel to CKor Ct. To quantify the‘ individual apparent charge magnitudes‘ qi for the
repeatedly occurring PDpulses which may have quite specific statistical distributions, a
measuring system must be integrated into the test circuit which fulfils specific requirements.
Already at this point it shall be mentioned that under practical environment conditions quite
different kinds of disturbances (background noise)are present, which will be summarized in a
later section. MostPDmeasuringsystemsappliedareintegratedintothetestcircuitinaccordance with
schemes shown in Figs 5.13 (a) and (b), which are taken from the new IEC Standard31 which
replaces the former one as issued in 1981.Within these _straight detection circuits, the coupling
device _CD* with its input impedance Zmi forms the input end of the measuring system. As
indicated in Fig. 7.20(a), this device may also be placed at the high- voltageterminal side,
whichmaybenecessaryif thetest object has oneterminal earthed. Optical links are then used to
connect the CD with an instrument instead ofa connecting cable _CC*.

Some essential requirements and explanations with referenceto thesefigures as indicated
by the standard are cited here: the coupling capacitor Ck shall be of low inductance design and
should exhibit a sufficiently low level of partial discharges at the specified test voltage to allow
the measurement of the specified partial discharge magnitude.

A higherlevel ofpartialdischarges canbetoleratedifthe measuring system is capable of
separating the discharges from the test object and the coupling capacitor and measuring them
separately;thehigh-voltagesupplyshallhavesufficientlylowlevelofbackgroundnoisetoallow the
specified partial discharge magnitude to be measured at the specified test voltage; high- voltage
connections shall have sufficiently low level of background noise to allow the specified partial
dischargemagnitudeto bemeasuredatthespecifiedtestvoltage;animpedanceorafilter maybe
introducedat high voltage to reduce background noise fromthe power supply.

ThemaindifferencebetweenthesetwotypesofPDdetection circuitsisrelatedtotheway
themeasuring systemisinserted into thecircuit.InFig.5.13 (a), theCD isat groundpotentialand in
series to the coupling capacitorsas itis usually done in praxis.In Fig.5.14(b),CD isin series with
the test object Ca.
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Here the stray capacitances of all elements of the high-voltage side to ground potential
willincreasethevalueof Ckprovidingasomewhathighersensitivityforthiscircuitaccordingto eqn .
ThedisadvantageisthepossibilityofdamagetothePDmeasuringsystem, ifthetestobject fails. The new
IEC Standard defines and quantifies the measuring system characteristics. The most essential
ones will again be citedand further explained below:
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Figure:5.13(a)CouplingdeviceCDinserieswiththecouplingcapacitor
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(b) Coupling device CD in series with the test object

Figure:5.14Basicpartialdischargetestcircuits—‘straightdetection’

The transfer impedance Zis the ratio of the output voltage amplitude to a constant input
current amplitude, as a function of frequency f, when the input is sinusoidal. This definition is
due to the fact that any kind of output signal of a measuring instrument (MI) as used for
monitoring PD signals is controlled by a voltage, whereas the input at the CD is a current. The
lowerandupperlimit frequenciesfl and f2 arethefrequenciesatwhichthetransferimpedanceZ
hasfallenby6dB fromthepeakpassbandvalue.Midbandfrequencyfmandbandwidthof: forall kinds
of measuring systems, the midland frequency is defined by:

Fise s

-

Jm =
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andthebandwidthby:
Af=fr-fun

Thesuperpositionerroriscausedbytheoverlappingoftransientoutputpulseresponseswhen the
time interval betweeninput current pulses is less thanthe durationof a single output response pulse.
Superposition errors may be additive or subtractive depending on the pulse repetition rate n of the
input pulses. In practical circuits both types will occur due to the random nature of the pulse
repetitionrate. Thisrate _n‘ isdefined as the ratio betweenthe totalnumber ofPDpulses recorded in
aselectedtimeinterval and thedurationof thetime interval.

The pulse resolution time Tr is the shortest time interval between two consecutive input
pulses of very short duration, of same shape, polarity and charge magnitude for which the peak
value oftheresultingresponse will changebynot morethan10 percentofthatfora singlepulse. The
pulse resolution time is in general inversely proportional to the bandwidth of the measuring
system.ltisanindicationofthemeasuring system ‘sabilitytoresolvesuccessivePD events.The
integration error is the error in apparent charge measurement which occurs when the upper
frequency limit of the PD current pulse amplitudespectrumis lower than (i) the upper cut- off
frequency of a wideband measuring system or (ii) the mid-band frequency of a narrow-band
measuring system. The last definition of an _integration error‘ will need some additional
explanation. PD measuring systems quantifying apparent charge magnitudes are band-pass
systems, which predominantly are able to suppress the high-power frequency displacement
currents including higher harmonics. The lower frequencylimit ofthe band-pass f1 and thekind
of _roll-off* of the bandpasscontrol this ability. Adequate integration can thus only be made if
the pass-band‘ or the flat part of the filter is still within the constant part of the amplitude
frequency spectrum ofthe PD pulse to be measured. Figure 5.14,

»

f. fa

Figure:5.15Correctrelationshipbetweenamplitudeandfrequencytominimizeintegrationerrors
for a wide-band
o systemAband-passofthemeasuringsystem
- B amplitude frequency spectrum of the PD pulse

- Camplitudefrequencyspectrumofcalibrationpulse fl
. lower limit frequency

o f2upperlimitfrequency
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Againtakenfromthenewstandard,providesatleastformalinformationaboutcorrect  relationships.
Morefundamentalinformationmaybefoundwithinsomespecificliterature.

RADIOINTERFERENCEDUETOHIGHVOLTAGEINSULATOR
STRINGSourcesofcoronaonlineconductorsandhardware

The local electric breakdown of air or the corona is quite common on the high voltage
powertransmissionlinehardware. Theoperatingstressisideallylowerthanthecoronainceptionlevels,
however, due to some manufacturing defects, damages caused during the transportation and
installation, deposition of contaminants like dust particles or water droplets etc. the local field
can get significantly intensified. As a result, the corona can occur on line conductors, nuts and
bolts of the hardware, arcing horns, guard rings, suspension clamps, etc. Also, since the
conductorsand tie-wires with the tops ofthe insulator;andthe pins with the entire surface ofthe
thread in the pin holes, do not make perfect electrical contacts, corona may occur in the
intervening air gaps.

ThegenerationmechanismofRadionoise

Radio noise in High Voltage transmission line is associated with the pulsating modes of
corona discharges developing at the line conductor and hardware, sparking resulting from poor
electrical contact and scintillations on the contaminated insulator surfaces. The current pulse
associated with individual corona discharges typically possess a rise time measurable in 10s of
ns,whichisfollowedbyaslowtailmeasuredin100sofns.Aseveraldischargesareproducedineveryhalf
cycle of the power frequency voltage and there could be several sites producingcorona and the
noise generated has considerably wide frequency spectrum. The RI level is highin the broadcast
frequency range (0.5-1.6MHz) and then decreases gradually at higher frequencies. Detailed
studies of corona current characteristics have shown that positive corona is the main source of
radio noise from transmission line.

Consequenceofradionoise:

The Radio Interference (RI) from electric power transmission line hardware, if not
controlled, poses seriouselectromagneticinterferenceto systeminthevicinity Also, in future, if the
transmission linesare to be employed for general communications, it becomesimperative to limit
the corona generated electromagnetic noise .With regard to the transmission lines, the sources
ofRI are bothline conductorsand the line hardware includingtheinsulator strings.The present
work mainly concerns with the insulator stringalong withtheassociatedline hardware.

The existing standards have two tests pertaining to Rl and corona. First one involves
measurement of conducted RIthrough suitablecircuit configuration and a radio noisemeter. The
second one involves identification of onset a visual corona, which isrelatively subjective.

Associatedstandard:

Hence, governing standards have prefixedupper limits for radiointerferencelevels from
different components ofhigh voltage transmissionlines. For convenience, the laboratory testing
for the RI levels are carried out through the measurement of the conducted radio interference
levels.
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Problemidentification

TheRI measurement doesnot reallylocatethe coronating point, as well as, the modesof
corona. At the same time experience shows that it is rather difficult to locate the coronating
points by mere inspection. The associated geometry involves both highly localized field
intensificationpoints,aswellas,relativelyextendedmoderatefieldintensificationpoints. Thisin  turn
leadstobothpointcorona anda diffusecorona to start with,whichlatertransformintoDetailsof
experimentalinvestigationsExperimentalarrangementcommonlyusedtestcircuitsformeasuring
radio interference are those recommended by IEC and NEMA. For the present work the IEC
circuit shown in Figure 1 is employed.

The main components of the circuit are high voltage source (50 Hz, 150 kV, 300 kVA
transformer with primary voltage 0f230/440 Vand with a rated continuous current of2A), low
pass filter which can be tuned to the required frequency, high voltage bus end terminations,
couplingcapacitor(0.00161 realised bytwounitsof0.00322 FofGE make connectedin series),
measuringimpedance radio noise metertypeSMV11, VEB Messelektronik Berlin makeisused for
the measurements. The input voltage to the transformer is 400 V two phase ac. The testing
arrangement is so designed to be simpler for operation and all the necessary precautions have
beenincorporatedfor proper safetyandprotection with essential trippingarrangements. Thetest
object consisted of9-discinsulators(132kV system) and the test voltage was 85kV

RadiolnterferenceMeasurements

The International Standard specifies the procedure for a radio interference (RI) test
carried out in a laboratory on clean and dry insulators at a frequency of 0,5 MHz or 1 MHz or,
alternatively, atotherfrequenciesbetween0.5MHzand 2MHz.Thefrequenciesof0.50r1Mhz are
preferred because,usuallythelevel ofradio noiseat this part ofthe spectrumand also becausel
MHz lies between the low and medium frequency radio broadcast bands. As per the standard ,
themeasuringapparatus, as per the specificationofCISPR16-1, hasbeen currentlyused for the RI
characteristics of insulators.

Corona Experimental chamber
shield (Smx5mx5m)
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Figure:5.15.R1VmeasuringcircuitasperIECaugmentedwithgroundend
currentmeasurement

The voltage is gradually applied in steps, to reach a value of 90 kV (15% above phase
voltage), held for at least five minutes, to allow RIV phenomenon to stabilize. Then, voltage is
reducedslowlyinsteps.Theradionoisegeneratedbytheinsulatorstringisobserved. Threesuch cycles
are repeated, and RIV in dB (above 1 mV) at different voltages is recorded for four insulator
strings. The experiments wererepeatedat least fivetimes to check for repeatability.

CurrentMeasurements

The corona current in principle is measurable at two ends of the string i.e. from high
voltage end and from ground end. Of course, for very accurate measurements, optical link
between measuring system and the oscilloscope would be essential. At present, due to the non-
availability of such a system at our laboratory, conventional method is only employed. The
current is indirectly sensed by measuring the voltage across a 50 Q resistor connected at the
ground end. It applies to both the ground end lead of insulator string, as well as, the input to
RIV.meter as indicated in the figure. However, for safety purpose, in the ground end lead of
insulator string a high resistance 5 kQ is also inserted. However, before proceeding further on
measurement, the following needs to be discussed.

The corona current pulsesareknownto have short front durations measuredinlOs ofns.
Asa consequence, their propagation characteristics would bemorelike waves onantenna rather
than classical circuit domain pulsesand further, their propagation isnot governed by theapplied
voltages. A very similar situation prevails with the measurement of partial discharge pulses in
high voltagepowerapparatusandcables.Therefore,thequantity measured atany given point on the
circuit need not be and will not be the actual corona current pulse generated at the source.
Nevertheless, owing to the linearity of the system for such pulses, measured current should be
directly related to the corona pulse at the generation point.

Amongst the two possible current measurement points, the investigation is started with
measuringthecurrentattheinput toRIV meter.Thereasons forthe sameareas follows. Firstly,
thereferencevalueasperprevailingstandards,theRIVmeasurementaspertheprescribedcircuit is the
testing method and therefore, the current coupled through the RIV coupling capacitor governs
the test result. Therefore, it would be prudent first to consider this current and study
whetherintendedidentificationofcoronatingsourcecouldbecarriedout.Secondly,asmentioned
before, the corona pulse will propagate on ground lead in an antenna mode and hence several
reflections and attenuation can be expected in the path of the ground lead which has several
bends and runs along supporting steel frame. It will therefore be quite involved to correlate the
signal strength at the RIV input. Considering these, first the input to the RIV meter itself is
considered for its characteristics.
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INTERNATIONALANDINDIANSTANDARDSDCTESTINGTESTVOLTAGE
Fordifferenttransmissionvoltages,thetestvoltagesrequiredaregiveninthefollowing
Tables:
Table5.2

Testvoltagesfora.cequipments

PowerFrequency Switchingstage
Systemvoltage ImpulseTest .
TestVoltage withstand
Kv(rms) voltageKv(peak)
Kv(rms) voltage
400 520 1425 875
525 670 1800 1100
765 960 2300 1350
1100 1416 2800 1800
1500 1920 3500 2200

Table5.3

Testvoltagesford.cequipments

. Switchingst
Normalvoltage D.CWithstand ImpulseTestvoltage witchingstage
withstandvoltage
Voltage Kv
Kv
+400 800 1350 1000
+600 1200 1900 1500
+800 1600 2300 1500
Table5.4
Testvoltagesrequiredfordifferentd.c.systemvoltages
ImpulseTest Switchingstage
Normalvoltage D.CVoltagekv )
voltageKv withstandvoltageKv
+400 800 1750 1300
+600 1200 2500 2000
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+800 1600 3000 2600
Table5.5

Approximatedimensionsofthetestingequipmentandtheequipmenttobetested

Normalvoltage ACtransformer |Impulsegenerator Dimensionoftest
(rms) height(m) height(m) object
400 10 6 7x2%x11
765 15 8 11x2x17
1100 18 12 17x2x24
1500 22 15 28x%2%28
Table 5.6
Internationalandindianstandards
) ) ) Power ImpulseTest Switching
Location Dimension
frequency voltageKv surgevoltage
Voltagekv Mv
Australia
8.0
BharatHeavy 1.5 _
67x35%35
Elect,Bhopal,
3.6
India 1.5 2.0
150x75%55 4.8
CESI-Milan, 2.3 3.0
| (200KJ)
Italy
1.2
Collegeof 0.3 _
o 25x15%15
Engineering
Guindy, madras
Collegeof
1.4
Engineering 0.5 _
33x26x30 (16KJ)
Jabalpur(MP)
1.4
CollegeOf 0.5 _
. . 20x12x8 (16KJ)
Engineering
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Kakinda,AP
ElectricityDC 65%x65x45 2.5 7.2 6.0
France (1010KJ)
Hydro-Quebec  |82x68x50 2.5 6.4 6.0
Montreal, (400KJ)
Canada 37.5%25x19 1.05 3.0 1.6
Indianinstt.of (50KJ)
Technology
Bangalore 28x10x9.7 0.80 1.5 -
Indianinstt.of (36KJ)
Technology
Madras 115%80x60 3.0 8.0 -
Russia 32x25x%21 1.2 3.2 -
Technical

InsulationCoordination

Insulation Coordinationisdefined by the valuesoftest voltageswhich the insulation of
equipmentundertest must beableto withstand.Intheearlier daysofelectric power, insulation
levels commonly used were established on the basis of experience gained by utilities. As
laboratory techniquesimproved, so that different laboratories were in closer agreement on test
results,aninternationaljointcommittee,theNema-NelaCommitteeonlnsulationCoordination, was
formed and was charged with the task of establishing insulation strength of all classes of
equipment and to establish levels for various voltage classification. In 1941 a detailed
document18 was published giving basic insulation levels for all equipment inoperation at that
time. The presented testsincluded standardimpulse voltagesandone-minute power frequency
tests.

In today‘s systems for voltages up to 245 kV the tests are still limited to lightning
impulses and one-minute power frequency tests, see section 5.3.Above 300 KV, in addition to
lightning impulse and the one-minute power frequency tests, testsinclude the use of switching
impulsevoltages. Tables5.2and5.3listthestandardizedtestvoltagesfor245kVandabove
%300 kV respectively, suggested by IEC for testing equipment. These tables are based on a
1992 draft of the IEC document on insulation coordination.

Table5.7StandardinsulationlevelsforRangell(Um>245kV)(FromlIECdocument28

C058,1992,InsulationcoordinationPart1:definitions,principlesandrules)

Highest Longitudinal | Standard |Phasetophase | Standard
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Voltagefor Insulation lighting (ratiotophase lighting
equipmentUn (HKV withstand toearthpeak withstand
KV PeakValue voltagephase value) voltage
(rmsValue) toearthvalue (PeakValue)

(PeakValue)

300 750 750 1.50 850

950

362 750 850 1.50 950
1050

420 850 850 1.50 950
1050
850 950 1.50 1050
1175
850 850 1.60 1050
1175
525 950 950 1.50 1175
1300
950 1050 1.50 1300
1425
950 950 1.70 1425
1425
950 1050 1.60 1550
1800
950 1175 1.50 1675
1800
950 1300 1.70 1800
1425
765 1175 1425 1.60 1675
1800
1175 1550 1.70 1800
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1950
1175 1425 1.60 1950
2100
Statisticalapproachtoinsulationcoordination
Intheearlydaysinsulationlevelsforlightningsurgesweredeterminedby evaluatingthe

50percentflashover values(BIL) forallinsulationsandprovidingasufficientlyhighwithstand level
that all insulations would withstand. For those values a volt—time characteristic was
constructed. Similarly the protection levels provided by protective devices were determined.
The upper curve represents the common BIL for all insulations present, while the lower
represents the protective voltage level provided by the protective devices. The difference
between the two curves provides the safety margin for the insulation system. Thus the
Protection ratio=Max. Voltage it permits/Max.

A: protecting device

kv

B: device to be protected
_ safety margin

time

Figure:5.16CoordinationofBlLsandprotectionlevels(classicalapproach)

This approach is difficult to apply at e.h.v. and u.h.v. levels, particularly for external
insulations. Present-day practices of insulation coordination rely on a statistical approach which
relatesdirectly the electrical stressand theelectrical strength.Thisapproachrequiresknowledge of
the distribution of both the anticipated stresses and the electrical strengths. The statistical nature
of over voltages, in particular switching over voltages, makes it necessary to compute a large
number of over voltages in order to determine with some degree of confidence the statistical
over voltages on a system. The e.h.v. and u.h.v. systems employ a number of non-
linearelements, butwithtoday‘savailabilityofdigitalcomputersthedistributionofovervoltages can
be calculated. A more practical approach to determine the required probability distributions of a
system‘s over voltages employs a comprehensive systems simulator, the older types using
analogue units, while the newer.

Employrealtimedigitalsimulators(RTDS).Forthepurposeofcoordinatingtheelectricalstresses
with electrical strengths it is convenient to represent the overvoltage distribution in the form of
probability density function (Gaussian distribution curve as shownin Figure) andthe
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insulation breakdown probability by the cumulative distribution function. The knowledge of
these distributions enables us to determine the _risk of failure‘. If Va is the average value of
overvoltage, VK is the kth value of over voltage, the probability of occurrence of overvoltage is
pOVk du, whereastheprobabilityofbreakdownisPbVkorthe probability thatthe gap willbreak
down at an overvoltage Vk is PbVkpOVk du. For the total voltage range we obtain for the total
probability of failure or _risk of failure‘.

Po (u) ﬁ* 4 Pp(V)
Insulation
break down
Overvoltage probability
distribution
Po(Vi)du
A \ Vi B v
Risk of
failure
Figure:5.17Methodofdescribingtheriskoffailure.
1. overvoltagedistribution—Gaussianfunction.2.Insulationbreakdownprobability—

cumulativedistribution)

0

R = [ Pb(VK)PO(VK)du

TheriskoffailurewillthusbegivenbytheshadedareaunderthecurveR.Inengineering practice
it would become uneconomical to use the complete distribution functions for the occurrence of
overvoltageand for the withstand ofinsulation and a compromise solution is accepted as shown
in Figs 5.18 (a) and (b) for guidance. Curve (a) represents probability of occurrence of over
voltages of such amplitude Vsthat only 2 per cent (shaded area) has a chance to cause
breakdown. VS are known as the _statistical overvoltage‘. In Fig. 5.18(b) the voltage Vw is so
lowthatin90 percentofappliedimpulses,breakdowndoesnot occurandsuchvoltageisknown as the
_statistical withstand voltage® Vw.

P4
Po(V)4 e I
Reference
Reference probability probability
2% 90%
Vs
o1
I = 1 S
(a) Statistical (max) overvoltage "4 (b) Statistical withstand voltage v
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Figure:5.18Referenceprobabilitiesforovervoltageandforinsulationwithstandstrength

In addition to the parameters statistical overvoltage _VS‘ and the statistical withstand
voltage _VW*® we may introduce the concept of statistical safety factor 4. This parameter
becomes readily understood by inspecting Figs 5.19(a) to (c) in which the functions Pb V and
pOVk are plotted for three different cases of insulation strength but keeping the distribution of
overvoltage occurrence the same. The density function pOVkis the same in (a) to (c) and the
cumulativefunction givingtheyetundetermined withstand voltageisgradually shiftedalongthe V-
axis towards high values of V.

.

Vw
— =

S

Po (V)
Po (V) Pp (V)
Ay =1 Py (Vs), Po(Vid
V= V,, v
@)
Ra
[V [ V,, = 1.4V,

Figure:5.19Thestatistical safetyfactor and itsrelationto theriskoffailure

Thiscorrespondstoincreasingtheinsulationstrengthbyeitherusingthickerinsulationor
material ofhigherinsulationstrength. Asa result oftherelative shiftofthe two curves[PbVand p0VKk]
theratioofthevalues Vw/Vswill vary.Thisratioisknownasthestatistical safetyfactor.

CorrelationbetweenlInsulationandProtectionLevels

The_protectionlevel‘providedby(say)arresters  isestablishedin ~ asimilarmannertothe
insulation level‘; the basic difference is that the insulation of protective devices (arresters) must
not withstand the applied voltage. The concept of correlation between insulation and protection
levels can be readily understood by considering a simple example of an insulator string being
protected by a spark gap, the spark gap (of lower breakdown strength)protecting the insulator
string. Let us assume that both gaps are subjected to the same overvoltage represented by the
probability density function pOV,Fig. 5.20. The statistical electrical withstand strength of the
insulator string is given by a curve identical to Fig. 5.19 The probability of breakdown of this
insulation remains in the area R which gives _risk of failure‘. Since the string is protected by a
spark gap of withstand probability.
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1.0 1.0
Pg (V) P (V)
Gap .
Overvoltage Insulation
0.5 — - 0.5
Gap
breakdown
probability
Pp(V) A
) Risk of failure R
o Margin 4

of safety

Figure:5.20Distributionfunctionsofbreakdownvoltagesforprotectivegapandprotected

insulationbothsubjectedtoanovervoltagepO0V

PgV, the probability that the gap will operate (its risk of failure) is obtained from
integratingtheproductPgVpOVdV.InFig.5.11thisprobabilityisdenoted(qualitatively)byPPV.Asis
seen the probability ismuch higher thanthe probability ofinsulation damage or failure R. In the
same figure is shown the traditional margin of safety corresponding tothe voltage.
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