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Abstract

Partial discharges (PD) may cause damage to high-voltage
(h.-v.) electrical insulation and eventually breakdown. It

is known, however,

trial insulations after only a few months in service,

that sudden breakdowns occurred in indus-

al-

though they had passed the suggested international specifi-

cations tests.
of damage of an h.-v.
voltage,
tain thoughts.

In this paper, we investigate the possibility
insulation even below the inception
giving the historical background which led to cer-
References to previous work are given and a

differential equation is proposed regarding the possibility
of having charging phenomena below the inception voltage.
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Introduction

PD may cause significant
damage to the h.-v. insulation
[1], [2]. PD may start from
asperities on the electrodes,
from enclosed voids, from
fissures and/or from enclosed
foreign particles [3]. Nume-
rous publications tackled the
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question of the relation be-
tween PD parameters and insu-
lation damage [4]-[7].
Although a voluminous
amount of research has been
performed on the questions of
insulation damage and PD, no
particular attention was gi-
ven to possible charging
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events below inception volt-
age. However, such events we-
re held responsible (at least
partly) for the failure of
insulation equipment back in
the fifties and the sixties
of the last century [8]-[11].
Such incidents were reported,
regarding big electrical ma-
chines as well as high volt-
age switches that failed ab-
ruptly, although they passed
all tests the international
technical committees were sug-
gesting [8]. Which were these
incidents? In the 1950’'s one
major US manufacturer produ-
ced and sold large rotating
machines with cast polymer
insulation. At that time all
available diagnostic techni-
gues suggested that there
should be no problem at all
from low leakage currents.
Surprisingly enough, these ro-
tating machines failed while
in service in a few months.
Another occasion of impres-
sive failure was registered
when another US manufacturer
producing 15 kV class vacuum
switches, reported that, al-
though all normal tests at
that time were done, unex-
plained erosion of cast epoxy
insulation occurred in these
switches, only after a few
years 1in service. Such were
the incidents that led to the
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provided by Filippini [13],
who suggested that treeing
propagation followed growth
along current paths. Further-
more, Brancato [14] indicated
the possibility of relating
current below inception with
temperature rise. In his own

words, "perhaps the most ex-
citing but speculative pro-
ject 1is the development of
techniques to determine tem-
perature rise of wvoid sur-
faces due to partial dis-
charge. electrical aging

may in reality be a chemical
reaction in voids induced by
the deposition of energy.
This deposition is expended in
the raising of the tempera-
ture of the walls of the
void, in creation of ozone and
possibly nascent oxygen which
tend to oxidize the surface
chemical reactions which 1in
the presence of water compo-
nents form nitric or nitrous
acids which deteriorate the
void surfaces and finally me-
chanical erosion by the re-
sulting ion stream impinging
on the void". In the same
publication, Brancato also
pointed out that measuring or
sensing techniques may not be
adequate for all classes of
dielectric materials or to
all aging environments and/or
the inadequate sensitivity of

exploration of the below in- some instruments to detect
ception regime of charging changes. Recent papers point
phenomena [12]. Scientific out to the slow decline of
evidence of "something" hap- inception voltage with time
pening below inception was [15]. Is this also an indica-
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tion of charging phenomena be-
low the so-called inception?
Would such phenomena play a
role regarding the decrea-
se/decline of inception volt-
age?

Hints about possible da-
maging events below inception
voltage were discussed 1in a
brief report by E. Brancato
back in 1991 [16]. Previous
work on air gaps with a non-
uniform electrode arrangement
suggested that such charging

events were possible [17]-
[20]. To the best of our
knowledge, until now there

are indications of possible
charging effects below incep-
tion voltage but a definite
proof is missing.

It is the purpose of the
present paper to offer the
historical background of the
approach regarding charging
events below the inception
voltage and to explore a bit
further the events below in-
ception. An equation, which
was proposed many years ago
by Bruning, is discussed.

Oon the Problem of Inception
Voltage - Historical Back-
ground

Inception voltage is cal-
led the lowest voltage under
a.c. conditions, at which re-
petitive PD of a specified
magnitude in successive cy-
cles are observed, as the ap-
plied voltage increases [21].
Above the inception level, an

TUESDAY 21 APRIL 2015

v1i-9

insulation may deteriorate de-
pending on the magnitude of
the imposed voltage. Things
become more blurred when an
insulation is subjected to an
applied voltage which is 1lo-
wer than the extinction volt-
age (according to the seminal
publication by Kelen [21], the
extinction voltage 1is the
voltage at which discharges
of a specified magnitude will
recur when an alternating volt-
age, which exceeds the dis-
charge-inception voltage, 1is
reduced).

In his important
Bruning and colleagues [9],
pointed out that unexpected
insulation failures occurred
despite the fact that the in-
sulation was operating below
the inception voltage. 1In
this doctoral thesis, Bruning
[8] pointed out that there
were problems in tackling and
understanding the basics of
current-voltage relationships
for new insulating materials
and/or new devices. For exam-
ple, the design failure of
epoxy insulators, which used
the application of criteria
for porcelain discharge on-
set, did not sufficiently cha-
racterized low current per-
formance with contamination.
On another occasion, there was
a lack of fundamental cur-
rent vs. voltage analytical
model for the design of a new
type of transformer windings.
In many cases of transformer

paper,
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failures, discharge testing
did not indicate low level
pre-discharge activities with
operation. Problems also aro-
se with underground cables,
where aging effects, exacer-
bated by the presence of wa-
ter, may give higher dis-
charge currents which are be-
low the 1level which can be
satisfactorily measured. Bru-
ning speculated that low le-
vel discharge currents cause
a destructive local tempera-
ture effect. Problems related
to the above questions were
revealed in the USA with elec-
trical machines, cables and
high-voltage switches, which
failed unexpectedly although
all of them passed the re-

quired tests prescribed by
the international technical
committees.

All the above point to the
fact that there is a need for
a fresh approach for this pro-
blem, an approach which may
give a possible solution to
charging effects below incep-
tion. Efforts have been un-
dertaken in Bruning’s seminal
publications [8], [9], where
guestions such as the follow-
ing were put:

a) what is the insulation
leakage current-voltage cha-
racteristic?

b) what is the effect of
such a leakage current?

Efforts were also
taken 1in

under -
some publications,
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albeit with a different insu-
lating material and a much
simpler electrode arrangement
[17]-[20]. In those papers,
indications were presented
that effects below the so-cal-
led inception level may exist.
Moreover, experiments perfor-
med 1in polyethylene samples
with enclosed cavities, indi-
cated that at relatively low
voltages sharp current wave-
forms were detected. This in-
dicates sudden streamer PD
mechanism in enclosed cavi-
ties. In previous years, com-
ments regarding the relation
between such sudden PD wave-
forms and events at or below
the inception level were of-
fered. It was speculated that
there may be sudden bursts
related to local rising of
temperature in a cavity [22]-
[26].

Possible Relation Between
PD Events at Inception Volt-
age and Charging Events
below Inception

Bruning and colleagues [8],
[9], [27] proposed an equa-
tion describing the quasi-
steady state for current flow

V2V + VWeVs/s = 0 (1)

where, V is the gradient and
V2 is the Laplace operator
expressed as a function of
the location, V is the local
voltage and s the local con-
ductivity of the fluid (in
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our case air). They also pro-
posed that it would be plau-
sible to state that the local
air temperature is related to
the local power dissipation
which is leakage current ti-
mes the local voltage gra-
dient. This being true, the
local electrical conductivity
is related to the local tem-
perature. The question was as
to whether such an equation
was leading to a burst or
sudden PD pulse even below
inception. Would this be pos-
sible?

In fact the above equation
was characterized as the
"thermal model"™ in Bruning’s
Ph. D. Thesis [8]. It sug-
gests a thermal model of
gaseous conduction which un-
der certain conditions of 1i-
mited diffusion rate of ion-
ized species, low radiant en-
ergy loss, and low thermal
conductance, a diffuse cur-
rent flow may generate a dif-
fuse conduction process. Si-
milar pulseless regimes were
suggested in [28]. Further-
more, the same direction of
research, without however be-
ing so specific, was pointed
out in [29], [30], where pseu-
doglow regimes were observed.
It may well be that the cur-
rent not indicated on a con-
ventional PD detector 1is a
current below the detection
level.

More in detail, if one as-
sumes that in the gas there
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is a dissipative current flow,
using classical notation,

Wel = 0 (2)
J = sE (3)
VesE = 0, but E = W (4)

and consequently,
V2V + VWeVs/s = 0 (5)

The above equation, in the
case of a constant conducti-

vity s, reduces to the well
known Laplace/Poisson equa-
tion. However, for a gaseous

conduction process, where the
there is a partial variable
ionization as J varies with
time and position, we have
finally Eq. (5).

As was noted in a previous
paper [27], solution of the
distributed - perhaps pulse-
less current flow - then pro-
ceeds from ionization deter-
mined from both Saha’s equa-
tion and the heat balance de-
termining the local tempera-
ture. The complexity of the
transport processes have not
permitted ab initio calcula-

tions. However, approxima-
tions indicate a variation of
current density and field

strengths, which indicate the
possibility of current below
the detection level. Whether
the continuous thermal condu-
ction model arises from true
continuous conduction or from
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pulses too short to be de-
tectable by conventional PD
detectors, it is a question
in need of an answer. It is
interesting to note, however,
that sudden bursts of pulses
at or below the so-called in-
ception voltage were observed
recently, not only in conven-
tional polymers but also -
albeit 1less frequently - 1in
nanocomposites [31], [32].

Research by Bruning and
colleagues [9], [10] indicated
that damage observed below
inception was very similar to
the damage above inception.
In these papers, indications
were offered that chemical
changes below inception were
similar to those noted above
inception. Such indications
gave strong ground for sug-
gesting that "something" goes
on below the inception volt-

age. Chemical changes that
indicate chemical deteriora-
tion below inception imply

the existence of charging phe-
nomena that may render shor-
ter the lifetime of the insu-
lation. Charging effects be-
low the inception voltage may
imply that there is no volt-
age below which no deteriora-
tion takes place. More pre-
cisely, it is known that the
lifetime L (time to failure)
is given by the formula

L = c(V - Vo)-k (6)

where, V is the applied volt-
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age, Ve is the voltage below
which no deterioration takes
place and k is a constant. k,
Vo, and c are constants de-
pending on the insulation ma-
terial (it should be noted
that original form of Eq. (6),
referred to in [33], was

L= (A - a)k(V - aA)-k

where, L is life in minutes,
A is the 1 min strength, a is
a material constant, k is an-
other material constant and V
is the applied voltage). How-

ever, if one assumes that the-
re is damage below the incep-
tion voltage, then
Vo = 0 (7)
and Egq. (6) becomes
L = cV-k (8)

As was noted in [9], "most
equipment designers use this
empirical relation without
having settled the fundamen-
tal question as to whether Ve
= 0 or not, since empirical
experiments in reasonable ti-
me periods cannot distinguish
between the two forms", i.e.
that of Eq. (6) from that of
Eq. (8). Ambiguities regard-
ing Eq. (6) still remain to
this day, especially if one
looks at insulation lifetime
models [34]. The question of
whether VO = 0 is also rele-
vant to the sensitivity of PD
detector as well as to the
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thickness of the examined in-

sulation, deserves to be fur-
ther explored. It was re-
ported before, that scaling
laws exist, i.e. a thicker
insulation requires a more
sensitive PD detector [35],
[36]. Needless to say that

the sensitivity of a PD de-
tector determines the incep-
tion voltage of either an in-
sulating material or a full
insulation system, or in the
words of one of the most dis-
tinguished researchers of the
good old generation, E. Bran-
cato, "... electric stresses
in the absence of internal
discharges can cause changes
in material properties. Some
ascribe the changes to elec-
trochemical reactions, while
others express the suspicion
that the observed changes are
really caused by partial dis-
charges but the corona de-
tecting system is too insen-
sitive" [37].

From the above it is indi-
cated that, although there is
not yet a universal name to
it, '"something" must occur
below the inception voltage.
Whether this "something" can
be referred to as "charging
phenomenon" or can be mani-
fested as "signal", is not yet
clear. Moreover, if one sees
the more practical questions
and if one tackles the prob-
lems of the role of antioxi-
dants in cable insulation,
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one may say that antioxidants
are incorporated to prevent
premature degradation during
extrusion, but the role of
the residual antioxidant on
insulation response to aging
stresses has not yet been
quantified, especially in
voltages below the inception
level [38].

Conclusion

The present paper 1is an
introduction to the problem
of possible charging effects
below the so-called inception
voltage. The historical back-

ground of an approach - dif-
ferent from the wusual ap-
proaches - is given as well

as the indications that char-
ging phenomena below incep-
tion may exist. Below incep-
tion sudden pulses were ob-
served with an electrode ar-
rangement of point-plane with
air as insulating material.
It is speculated that minute
abnormalities on the cavity
surface may act as emission
sites and thus provoke small
charging phenomena not easily

detected by normal conven-
tional PD detectors. An equa-
tion regarding the current

flow in a cavity was given
and commented upon. In a fu-
ture publication, a solution
of the said differential equa-
tion will be given together
with appropriate comments.

FUNKTECHNIKPLUS # JOURNAL



[1]
[2]

[31]

[4]

[5]

[6]

[71]

(8]

(9]

[10]

[11]

M.G. DANIKAS, YI YIN, JIALEI HU

References

Mason J.H., "Discharges'", IEEE Transactions on Elec-
trical Insulation, Vol. 13, No. 4, 1978, pp. 211-238
Devins J.C., "The physics of partial discharges in
solid dielectrics", 1IEEE Transactions on Electrical
Insulation, Vol. 19, No. 5, 1984, pp. 475-495

Danikas M.G., Karlis A.D., "Some observations on the
dielectric breakdown and the importance of cavities in
insulating materials used for cables and electrical
machines", Advances 1in Electrical and Computer Engi-
neering, Vol. 11, No. 2, 123-126, 2011

Garcia G., Fallou B., "Equipment for the energy mea-
surement of partial discharges", Proceedings of the 1st
International Conference on Conduction and Breakdown in
Solid Dielectrics, Toulouse, France, 4-8 July 1983,
Conf. Rec. 83CH1836-6-EI, pp. 275-281

Pearmain A.J., Danikas M.G., "A study of the behavior
of a uniaxially orientted polyethylene tape/oil insula-
ting system subjected to electrical and thermal stres-
ses", IEEE Transactions on Electrical Insulation, Vol.
22, No. 4, 1987, pp. 373-382

Gulski E., "Digital analysis of partial discharges",
IEEE Transactions on Dielectrics and Electrical Insula-
tion, Vol. 2, No. 5, 1995, pp. 822-837

Krivda A., "Automated recognition of partial dischar-
ges", IEEE Transactions on Dielectrics and Electrical
Insulation, Vol. 2, No. 5, 1995, pp. 796-821

Bruning A.M., "Design of electrical insulation sy-
stems", Ph. D. Thesis, University of Missouri-Columbia,
USA, 1984

Bruning A.M., Kasture D.G., Campbell F.J., Turner N.H.,
"Effect of cavity current on polymer insulation life",
IEEE Transactions on Electrical Insulation, Vol. 26,
No. 4, 1991, pp. 826-836

Turner N.H., Campbell F.J., Bruning A.M., Kasture D.G.,
"Surface chemical changes of polymer cavities with
currents above and below corona inception voltage",
Annual Report on Conference of Electrical Insulation
and Dielectric Phenomena (CEIPD), 18-21 October 1992,
Victoria, B. C., Canada, pp. 687-693

Bruning A.M., Danikas M.G., "Observations on discharges
above and below CIV in polymer insulation", Annual Re-

FUNKTECHNIKPLUS # JOURNAL vi-14 ISSUE 7 — YEAR 2



THOUGHTS ON THE POSSIBILITY OF DAMAGE OF HIGH-VOLTAGE ELECTRICAL

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

port on Conference of Electrical Insulation and Die-
lectric Phenomena, 20-23 October 1991, Knoxville, Ten-
nessee, USA, pp. 638-647

Bruning A.M., Campbell F.J., Kasture D.G., Turner N.H.,
"Voltage induced insulation aging - Chemical deterio-
ration from sub-corona currents in polymer void oc-
clusions", research Project Number: RP8007-1, July
1990, Interim-Phase 1 (Contractor: naval research Labo-
ratory (NRL), Washington, D. C., Contractor: Lectrome-
chanical Design Co. (LM)), Herndon, Virginia)

Filippini J.C., "Mechanical aspects of water treeing in
polymers", Conference Record of the 1990 IEEE Inter-
national Symposium on Electrical Insulation, Toronto,
Canada, 3-6 June 1990, pp. 183-186

Brancato E.L., "Status of aging in insulating materials
and systems", Conference record of the 1985
International Conference on Properties and Applications
of Dielectric Materials, June 24-29, 1985, Xi’an,
People’s RepuBlic of China, IEEE Paper I-7

Hossam-Eldin A.A., Dessouky S.S., El-Mekkawy S.M.,
"Internal discharge in cavities in solid dielectric
materials", Journal of Electrical Engineering, Vol. 9,
No. 4, 2009 (www.jee.ro)

Brancato E.L., "Electrical aging - A new insight", IEEE
Electrical Insulation Magazine, Vol. 6, 1990, pp. 50-51
Danikas M.G., Prionistis F.K., "Detection and recording
of partial discharges below the so-called inception
voltage", Facta Universitatis, Series Electronics and
Energetics, Vol. 17, No. 1, 2004, pp. 99-110

Danikas M.G., Vrakotsolis N., "Experimental results with
small air gaps: Further thoughts and comments on the
discharge (or charging phenomena) below the so-called
inception voltage", Journal of Electrical Engineering,
Vol. 56, No. 9-10, 2005, pp. 246-251

Danikas M.G., Pitsa D., "Detection and registration of
partial discharge events below the so-called inception
voltage: The case of small air gaps'", Journal of Elec-
trical Engineering, Vol. 59, No. 3, 2008, pp. 160-164
Danikas M.G., "Detection and recording of partial dis-
charges below the inception voltage with a point-plane
electrode arrangement in air: Experimental data and
definitions", Journal of Electrical Engineering, Vol.
61, No. 3, 2010, pp. 177-182

TUESDAY 21 APRIL 2015 vi-15 FUNKTECHNIKPLUS # JOURNAL



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

M.G. DANIKAS, YI YIN, JIALEI HU

Kelen A., "Studies on partial discharges on solid die-
lectrics: A contribution to the discharge resistance
testing of insulating materials", Acta Polytechnica
Scandinavica, Electrical Engineering Series, Monograph
of 138 pages, 1967

Danikas M.G., "Discharge studies in solid insulation
voids", 1990 Annual Report of the Conference on Elec-
trical Insulation and Dielectric Phenomena (CEIDP),
October 28-31, 1990, Pocono Manor, USA, pp. 249-254
Danikas M.G., "Some further comments on the fast mea-
surements of partial discharges in polyethylene voids",
Proceedings of the 20th Electrical and Electronics
Insulation Conference, October 7-10, 1991, Boston, USA,
pp. 220-224

Danikas M.G., "Fast measurements of partial discharges
in polyethylene cavities with the aid of a subdivided
electrode arrangement: A study of circuit parameters on
the waveshape of the detected PD currents", Journal of
Electrical Engineering, Vol. 51, No. 3-4, 2000, pp. 75-
80

Danikas M.G., "Partial discharge behaviour of two (or
more) adjacent cavities in polyethylene samples", Jour-
nal of Electrical Engineering, Vol. 52, No. 1-2, 2001,
pp. 36-39

Morshuis P., "Assessment of dielectric degradation by
ultrawide-band PD detection", IEEE Transactions on Die-
lectric and Electrical Insulation, Vol. 2, No. 5, 1995,
pp. 744-760

Danikas M.G., Bruning A.M., "Comparison of several theo-
retical sub-corona to corona transition relations with
recent experimental results", Conference Record of the
1992 IEEE International Symposium on Electrical Insu-
lation, June 7-10, 1992, Baltimore, USA, pp. 383-388
Isa H., Sonoi Y., Hayashi M., "Breakdown process of a
rod-to-plane gap in atmospheric air under DC voltage
stress", IEEE Transactions on Electrical 1Insulation,
Vvol. 26, No. 2, 1991, pp. 291-299

Bartnikas R., "Some observations on the character of
corona discharges in short gap spaces", IEEE Transa-
ctions on Electrical Insulation, Vol. 6, No. 2, 1971,
pp. 63-75

Bartnikas R., d’ Ombrain G.L., "A study of corona dis-
charge rate and energy loss in spark gaps", IEEE Tran-

FUNKTECHNIKPLUS # JOURNAL vl-16 ISSUE 7 — YEAR 2



THOUGHTS ON THE POSSIBILITY OF DAMAGE OF HIGH-VOLTAGE ELECTRICAL

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

in

sactions on Power Apparatus and Systems, Vol. 84, No.
9, 1965, pp. 770-778

Danikas M.G., Zhao X., Cheng Y.-H., "Experimental data
on epoxy resin samples: Small partial discharges at
inception voltage and some thoughts on the possibility
of the existence of charging phenomena below inception
voltage", Journal of Electrical Engineering, Vol. 62,
No. 5, 2011, pp. 292-296

Zhang Y., Danikas M.G., Zhao X., Cheng Y.-H., "Charging
phenomena below the inception voltage: Effects of nano-
fillers on epoxy", Malaysian Polymer Journal, Vol. 7,
No. 2, 2012, pp. 68-73

Montsinger V.M., "Breakdown curve for solid insula-
tion", AIEE Transcactions on Electrical Engineering,
Vol. 54, No. 12, 1935, pp. 1300-1301

Simoni L., "Life models of insulating materials for com-
bined thermal-electrical stresses", Colloquium on "Age-
ing of insulating materials under electrical and ther-
mal stresses", 1/12/1980, Dig. No. 1980/72, pp. 1.1-1.9
Danikas M.G., "Some possible new applications of a par-
tial discharge (PD) model and its relation to PD-dete-
ction sensitivity", European Transactions on Electrical
Power, Vol. 6, No. 6, 1996, pp. 445-448

Danikas M.G., Vassiliadis G.E., "Models of partial dis-
charges (PD) in enclosed cavities in solid dielectrics:
A study of the relationship of PD magnitudes to the sen-
sitivity of PD detectors and some further comments on
insulation lifetime", Journal of Electrical Engineer-
ing, Vol. 54, No. 5-6, 2003, pp. 132-135

Brancato E.L., "Insulation aging - A historical and cri-
tical review", IEEE Transactions on Electrical Insula-
tion, Vol. 13, No. 4, 1978, pp. 308-317

Bernstein B., Private Communication, October 2008

Previous Publication in FUNKTECHNIKPLUS # JOURNAL

"Diagnostic Techniques in Transformer 0Oils:
Factors Affecting the Lifetime of Transformer 0il
Transformers of 150/20 kV and the Problem of Relating

Diagnostics Data with their Pre-history",
Issue 6, Year 2, pp. 27-40

TUESDAY 21 APRIL 2015 vi-17 FUNKTECHNIKPLUS # JOURNAL



M.G. DANIKAS, YI YIN, JIALEI HU

* About The Authors
Michael Danikas, Issue 2, Year 1, 2013, p. 39

Yi Yin, 1is Professor at Shanghai Jiaotong University,
Shanghai, Department of Electrical Engineering. He teaches
and conducts research in the areas of high voltage engineer-
ing and of insulating materials, especially on polymer di-
electric properties and applications, nanocomposite polymers
and condition monitoring of electrical apparatus.

Jialei Hu, is a postgraduate student at Shanghai Jiaotong
University, Department of Electrical Engineering, carrying
out his Ph.D. under the supervision of Professor Yi Yin. He

is doing research on polymeric materials relevant to high
voltage engineering.

FUNKTECHNIKPLUS # JOURNAL vl-18 ISSUE 7 — YEAR 2



