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IN’I’ROOWTION

Evolvingpowerconditioningsystemrequlrementain
many importanttechnologkalareas WI13 place oeverede-
mandsuponrepetitivepulm-power components.A principal
pacing systemcomponentin high reliability,repetitive
pulse-power technology is the energy ntorage capacitor.
A ~ointprogramfor the researchand developmentof re.
petitivelyoperated,pulsedischargeenergystoragecapa-
citorshes been initiatedat the &s Alamo and Sandla
IVetional&boratories. The purpose cf thisongoixQactiv-
ity is to createthe knowledgebase necessaryfor the de-
cignand fabrication of materielo-llmited,multikilojoule
capacitorsthatare continuouslyoperableto 100 pps with
lifet~s ●pproaching109 charge-diochargecyclesat
99.99$ reliability,RecentlyIncreasing●milabilities
of qualityplastlcfilms,especially’polypropylene,and
the discovery of the excellentpropwties of perfluorocar-
bon Iiquidafor impregnationfluids(1)make eplrally-
wound~plciaticfilm/liquldImpregnated capacltorathe
leadingcendidatefor higheaergydensity,repetltivwly
operatedpulsedischargeenergy storage devices, lhe dom-
lnamtl$fetime-llml.tlngmechaniam in thistype of high en-
ergy density capacitm 1. ● direct reeult of partialdia-
cherge sctivity●t the buriedfoiledgea$wherethe elec-
tric field 1. maxinnnu, An initialobjectiveof this Joint
program is b characterizeandundwratandthe mecbaniamo
of this partial dischargephenomenon.

10~EDGE ELECTRICFIELIX

A sharpand microscopically hvwgular foiledgede-
fines the inner bound~ of ● capacitor margin, me elec-
tric fieldintensity●t theseburted fbil●dges cam be
very hlgh$ aapecialw for unallgxwd foils,a configuration



that exists in all real capacitor geometries. Extended-
foil deoigna, becauee of inherently better Inductive,
peak current and keat-sink~ characteristics,will be
considered as the mdel for discussion, Figure 1 is R
cross-sectionalview of 8 hypothetical foil edge, the
section taken parallel to the axis of the capacitor vind-
ing. This model (2) embodies only the effects of field
enhancement ceueed by the dielectric pemittivities i.ntur-
acting with the geometries of the dielectric and foil
edgej intrinsic, ●xtrinsic and charge-injectionnonductiv-
ities have been ignored. The pemnittivities ue ●cowwd
to be honmgeneous and of an ●lectronic and/or ionic nature
(no rotational orientation polarization), eo no frequency
dependence in the pennittivities exlate below microvwe
frequencies, Under these ssmmptions, the electric field
intensities ●t the foil-e~e wrfmces of F=. 1 ue repre-
sentative of the behavior during the rif)etime~f ● faat
voltage trnnsient impressed on the foil~. Although the
puticule.r foil-edge shape is arbitrary but conservat’!.vu
relative to real foil edges fonrtedby couzoercialsheuing
proceosee, the tendency of field enhancement can be seen
to be wrtreme. An enhancement factor of slightly greater
thm ‘7occurs●t the locusvhere the foil-edge r~dius is
mlninnm (0.01 mil)j hence for this #h@pe● fiald of nOO
volts per mil per kilomlt is hypothesized during m vol-
tage tran6ient. For extremely well degnaified and fil-
tired perfluorocukms, the thti-film b.reakdovnstrength
has been w~m.wed b be ir.I‘&e range 11 kV - 13 kV pcr
roil. Am ●hewn in Fig. 1P for an impremaed tranalent vol-
tage less than 2 kV, the bretidown threshold of the liquid
iqregnant 16 excwded andputial discharges occur chor-
●cteristicolly in the formof 10V intensity(< 2C pu)
impulseFtromers ●t the foil●dgo,

PARTIAL DISCHARGE ~CEiTION W DIXUCTRIC CONWCTIVXTY

Considering only the ●ffeeto of the dielectric p@r-
mittivities and oonductivitics interacting in ● lsminar
capacitir goomotry of larg8 uea and wII thickn~ss, s
Wo-componont dielectric system can be mmd~lod ●s ahovn in
Fig. 2, ‘I’hovalue of the ratio pomittlvity/conductivity
it on tho o-r of miwtcs Ior polypropylenemnd per~..uor-

ocarbons(10-11F m-1/10-15n-1 m-l) such tha~ the effect
of th~ dioloctric conductivitios on the Qloctric field in-
tensities is nogliglble for angular froquencits exo-eding
fractional radians per second. Tho wdel showm in Fig, 1
is therefore ●ppropriate for daccribing the cloctric field



at the surfacesof the foiledges*en consideringonly
the contributionsfromdielectricpermittivltyand conduc-
tivity. ~e breakdownthresholdof the Impregnantat the
locusofmuimum electricfield intensity Is againtheo-
reticallyexceededby voltages less than 2 kV with rise-
timesapproachingdc values.

ovolts

l-milpdypropylene

l-cdl pol>mmylene

ovolts

Fig, 1, Electrlc tieldctrength involts perndlttfoll-.dge eur-
bce for 1000 Volta applied b C*pMtir wIxIding.
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PARTIALDISCHARGEINCEPHON VS INJECTEDSPACECHARGE

Charge carriersunderthe influenceof an electric
fieldcanbe injectedintoa dielectricmaterialfromthe
surfaceof an electrode.Thesecarriersare transported
throughthe dielectricand are capturedat the opposing
electrode, Clwge injecticmis not an impulsebreakdown
processlikepartialdischarges,but is a continuouscon-
ductionphenomenonsimilarto intrinsicor extrinsiccon-
ductionexceptthe originof the carrier~is entirelyex-
ternalto the dielectric,and the currentis hyperlinear
tith the electricfield. Two typesof injectionprocess-
es that havebeen specificallyidentifiednnd described
are SchotUcyand tunnelinjections(3). Regardless of the
physics●t the electrode/dielectricinterface,the result
is a current deasityin the dielectricthat can approach
a epacechargelimitedcondition,wherethe electricfield
at the injectionsite is reducedto a smallvalue by the
proximityof the upacecharge. Becausech=ge in$ection
is ● field-controlledprocess, the currentdensity willbe
maximum●t the high fieldsiteson the foiledges. ‘XW
conductionpath follow the ●lectricfieldvectorand in-
Jected current flows from a foiledgeto the opposing
foilsthroughthe multiplelayersof the dielectric,a
diotmce ●pproximating1 roil. If the chargeInsection
processcan becomeestablishedduringthe riseor fall
timeeof voltagetransie~tsacrossthe foils,the reduc-
tion of the electricfield●t the foiledgewould incresoe
the partialdiochcrge inceptionvoltage. Althoughthe
time conetamtsfor the distributingof apace chargeduring
field-controlledin~ectimnare significantlyshorterthan
the c/uratlo discussed●bove,the valuesare largecom~
paredto the millisecondcharge times and nanosecond dis-
charge times of pulse dischargecspacitorservice,

Usingthe traneporttime fbr ● slowelectronunder
the influenceof a Lk’?per mil fieldto travela di6tance
of 1 mil ss ● measureof the injectedepace chargeforma-
tion time,

tp=& ,

where u 1s the effectivecasrier ambility,d ic the diel-
ectricWtckness, E 10 the electricfieldnear the foil
edge (epatinl•ver~e)~ and tf is au estimateof the apace
charge formationtime, Th mobilityi~ knownto be in the

10-X2 - ~o-6 ~2 ~-1 ~-l
range for most dielectric-(3)
and is relatively low because the carriers spendmost of



the time in shallowtrapsso the mobilityis an effective
value (3,4). The range of tf is then calculated to be

6X10-7C tf<6xlo-ls.
The hypothesisthat spacechargeassociatedwith

field-controlledinjection reducesths electricfteldia-
tensityat the high fieldsiteson the foil edgesand
hence increases the partialdischargeinceptionvoltage
has been supportedbylaboratoryexperiments, whichare
mnmarized in Fi8s. 3 and 4.

Vapplied

-6 WY

— l-secvoltagersmp

b 4t~me

@
counts I

Vapplied

l-l
, ,-_’o*_mp_tjme

t

m, 9. PmttM d{eehweeti foil-edge tiructurevatimc asa
hmctlon of appl iedvoltage,



@
Oouots

Fig. 4.

7 -6 kV

- l-aec voltage mmp*voltage ramp

I

o

P8rti81 diuhrge St foil-edge tinwturavs yme 8s s
flmction of applied voltqe; rlsethne below t theshol~

lbck-upsof laminar foil-edgestructureswere con-
structedusingl-roilmylar filmand O.>mil foil,vacuwn
impregnatedwith vacuumdegasifiedmineralbase transform-
er oil. DC partialdischargemeasurementswereperformed
with a Biddle corona test set coupled to a multichannel
analyzer, and pulseheightand multichannelscalingsig-
natures of the peu’tialdischargeactivitywere recorded
as a Ihanction of the voltagesapplied to the foil-edge
structures, Pulse height histograms ~ibited approxi-
mately~llian distributionswith mod of the partial
dischargeimpulsesbel~w 20 pC in magnitude.!l’bemulti-
channelscaling6ignature$,shownin the fIgurea,were al-
so approximatelyMxwellian distributedin time,withmost
of the activitydecayingto zero in lessthan 10 s. ‘lhe
pamial dischargeinceptiondependencyon ~, and the ap-
parent time constantsare in rea~onableagreementwith the
hypothesisthat apacechargefkom f ield.controlledinJec-
tioncontrolsthe partialdischargeinceptionvoltageat
the foilmigea.

Impregnated2-roilmylar/0,>mil fbil sazples were ob-
servedto exhibit no partialdiachargeawhen the applied
voltageswere increasedfkomO to Us kV duringIntermls
of l-minute r~aetimes, The rliBtributions shown in Figs. 3
and 4 axhibited a markedpeaking and ● minortendencyto
narrowin time for fasterrisetimesof appliedvoltage,
It in hypothesizedthatwhen voltagela applied●crom the
foilsfasterthan epacechargecan formaad reducethe
fieldat the foil edge,partial discharges occur and cre-
●tw an Ir@i#ed, spatial distribution of charges in the



regionsnear the foiledge,reducingthe electricfield
below the partial discharge inception threshold. For con-
ditions where ~ Is negative(decreasingvoltage),If the
transientvoltageis fastenoughin falltime so the con-
ductioncurrentcannotestablisha reversal,the charges
trappedin the dielectricby the lowmobilltycreatean
electricfieldby proximitywith the foiledgethat ex-
ceedsbreakdownandpartialdischargesoccur in the op-
posite direction, dissipating the exc?ss space charge.

Because space charge formation due to charge injec-
tion is limited temporally by the magnitude of the free
carriernmbility in the dielectric, a theoretically ideal
Impregnant would possess the electrical properties ofhigb
dielectric strength, low intrinsic/~trinsic carrier con-
ce~trations, and a high value for free carrier mobility
so space charge foxmation times would be comparable or
fester thsnthe transientvoltagesappliedto the foil
edget3.
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