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Impact of surface discharge plasmas on performance of a metallized
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Surface breakdown discharges are one probable failure mechanism of metallized polymeric film
capacitors used in power systems, traction drives, and other technological applications. To assess
whether surface breakdown discharges may undergo considerable elongation on the electrode
surface to affect significantly capacitor performance, an equivalent electric circuit model is
developed for metallized polymer film capacitors under the thermal equilibrium condition. With the
aid of a surface field gradient mechanism, propagation of surface plasmas is studied and the
necessary condition for their possible elongation is obtained. Numerical examples of a metallized
film capacitor are used to demonstrate that surface breakdown plasmas and their elongation are
unlikely to affect capacitor performance in a significant fashion. Then the generic problem of plasma
propagation is restudied under thermally nonequilibrium conditions. Based on a heat conduction
formulation in the one-dimensional limit, a temperature gradient mechanism is proposed to explain
the possible elongation of breakdown plasmas on an electrode surface. Numerical examples are
again used to deduce that thermally nonequilibrium surface plasmas are unlikely to evolve into
catastrophic flashover arcs to fail film capacitors. ©2001 American Institute of Physics.
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I. INTRODUCTION

There has been much interest in metallized polyme
film capacitors, fueled by their widespread applications
power systems, traction drives, laser energization, and sp
based technologies.1,2 Through a largely experimental ap
proach, intense research and development efforts have
focused on many key aspects of metallized film capacit
for instance, the properties of polymeric films and their de
radation behaviors under mechanical stresses,3 electrical
stresses~dc, ac, and pulsed!,3–5 and thermal stresses.6 These
efforts are largely responsible for some 30-fold increase
energy density achieved in high-voltage-metallized film
pacitors over the past 20 years.6

One of the main thrusts in the field is to further increa
energy density with increasingly compact capacitor desig
As higher and higher energy density is achieved, the elec
field within film capacitors becomes larger and larger. Ine
tably, this leads to a significantly increased probability
ignition of breakdowns and breakdown discharges. There
therefore, an important need to capture a thorough un
standing of breakdown phenomena within film capacitors
more pressing issue for practical film capacitors, howeve
to answer whether high-field-induced breakdowns may
plicate significantly capacitor performance of existing a
future designs, and if so, how key system parameters ca
adjusted to minimize such adverse impact. One key c
lenge to understand breakdown phenomena in film capac
is the difficulty to perform in situ diagnostics on tightly
packed film capacitors, which are themselves packaged

a!Electronic mail: m.g.kong@lboro.ac.uk
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sealed units. External measurements can, at best, ind
device-specific impact of capacitor breakdowns and their
charge plasmas, but are not effective in capturing the un
lying physics that can be applied elsewhere more generic
As a result, the impact of breakdown discharges on capac
performance is usually assessed empirically through a la
number of accelerated life tests and subsequent visual br
down damage analyses on aged film capacitors. This is
expensive and time-consuming approach, but can be gre
mitigated if a viable theoretical model is developed. Giv
that the significant advance of the film capacitor technolo
over the past 20 years has been largely based on an exte
exploitation of wide-ranging experimental techniques, via
theoretical models are, by comparison, more likely to br
the next breakthrough in the metallized film capacitor te
nology.

There are at least two different types of breakdown d
charges in film capacitors, namely, flashover arcs on the e
trode surface and puncture plasmas through multiple fi
layers. While there are very few theoretical treatments
breakdown discharges in film capacitors, puncture discha
and their effects have been attempted with a plasma dyna
model.7 In contrast, surface breakdowns and their impact
capacitor performance have received much less attention8 It
has been known that once ignited surface discharges ca
sustained at an electric field several magnitudes below
breakdown strength of the insulating medium used.8,9 There-
fore, at relatively low surface electric field, surface plasm
may elongate on the electrode surface and can potent
develop into catastrophic flashover arcs to fail film capa
tors. It is, therefore, important to assess whether surface
9 © 2001 American Institute of Physics

 license or copyright; see http://jap.aip.org/jap/copyright.jsp



tl

a
en
c
ifi

ltin
su
or
c
e
in

ne
fo
ct
u
he
,
g
c

er
ri
b
th
ity
nt
fa
ig

ak
th
nd
ga

tic
th
ize
a
o
e

is
on
ely
ga
-
e
m
m

pr
ay
ric
s

tit
a
ze

i
n.
m

cts
ro-
n-
de-
ch,
r-
ited
ode
a is

r-
ode
gh

on
on-

is
ked
us-
an

-
the
l
ur-

rent
eg-
pos-
ts.
wn

face

3070 J. Appl. Phys., Vol. 90, No. 6, 15 September 2001 M. G. Kong and Y. P. Lee
charges induced in film capacitors may affect significan
capacitor performance.

A thorough knowledge of surface discharges requires
understanding of their ignition and that of their subsequ
evolution. It is known that surface discharges in film capa
tors are usually triggered by localized surface field intens
cation, which are often caused by surface defects resu
from various manufacturing processes. Ignition of these
face discharges and their spatial distribution are, theref
likely to be statistical, reflecting an inevitable statistical flu
tuation in the quality of the polymeric film and its electrod
coating. It should be noted, however, that an understand
of such a statistical nature of surface discharges do not
essarily indicate their eventual impact on capacitor per
mance, as the latter depends crucially on surface ele
field. In our experiments to induce breakdowns on the s
face of an air-insulated single-metallized polymer film, t
induced surface discharges were found to last, typically
few picoseconds at up to 1% of the breakdown field stren
in air. Also, these mild discharges did not affect the surfa
condition of the film in any significant way. On the oth
hand, the presence of a sizable surface electric field can d
an initially small surface discharge to undergo considera
elongation on the electrode surface. Thus, to answer whe
surface breakdowns may affect significantly the reliabil
and lifetime of a film capacitor, it is much more importa
and relevant to understand whether and how a sur
plasma may elongate rather than whether and how it is
nited in the first place.

In this article, we study the propagation of surface bre
down plasmas on the capacitor electrode, assuming that
have already been ignited, with our emphasis on the co
tion under which they may undergo an unrestricted elon
tion. This is based on our recent work on this subject,8 which
has described the development of a relevant mathema
foundation but has not answered the question of whe
surface plasma may cause catastrophic failure in metall
film capacitors. In Sec. II, we review the mathematic
framework of our analysis of propagation and elongation
surface plasmas that are at a thermal equilibrium with th
surrounding capacitor structure. A field gradient mechan
is then used to explain the condition for plasma elongati
and an in-depth discussion is provided to highlight the lik
impact of the field gradient mechanism on plasma elon
tion. It is shown that for practical film capacitors it is un
likely for the field gradient mechanism to drive a sustain
elongation of surface discharges. Then, in Sec. III, plas
propagation is restudied under thermally nonequilibriu
conditions and a temperature gradient mechanism is
posed to assess whether sustained plasma elongation m
possible. With a more accurate estimate of the likely elect
field induced on the electrode coating surface than that u
in Ref. 8, numerical examples are used to illustrate quan
tively the most likely impact of surface discharge plasm
and their possible elongation upon performance of metalli
film capacitors. Again, substantial plasma elongation
found unlikely under the nonthermal equilibrium conditio
Finally, in Sec. IV, conclusions drawn in this study are su
marized.
Downloaded 19 Aug 2009 to 158.125.80.71. Redistribution subject to AIP
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II. IMPACT OF SURFACE DISCHARGES UNDER THE
THERMAL EQUILIBRIUM CONDITION

For practical film capacitors, there are inevitably defe
on the electrode surface resulting from manufacturing p
cesses of the polymeric film, its metallization, and its eve
tual packaging into the capacitor casing. These surface
fects enhance surface electric-field locally, and as su
increase significantly the likelihood to ignite localized su
face breakdowns. Once a breakdown discharge is ign
from a surface defect site, it may propagate on the electr
surface of a film capacitor. Suppose the discharge plasm
sufficiently cold to be in a thermal equilibrium with its su
rounding capacitor structure, its propagation on the electr
surface will be predominately controlled electrically throu
the surface electric field. As a result, plasma propagation
the electrode surface can, under the thermal equilibrium c
dition, be described by electrical characterization only.

The electrode coating on the surface of a polymer film
often patterned with, usually, identical segments networ
together via conducting fuse links between them, as ill
trated in Fig. 1. During a time-dependent application of
external voltage~e.g., external switching!, the film capacitor
structure is charged or discharged from the film edge~nearer
to the capacitor terminals! towards its central area, thus pro
ducing temporally a surface potential variation across
electrode coating length.10 The resulting surface electrica
field induces a surface current to flow on the electrode s
face, and usually this surface current is a conduction cur
along fuse-linked, thus electrically conductive, electrode s
ments, although a displacement surface current is also
sible through gaps between adjacent electrode segmen10

When a discharge plasma is induced by a local breakdo

FIG. 1. ~a! Surface discharge and its current routes on the electrode sur
and ~b! its equivalent circuit.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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on a defect site on the electrode surface, such surface cu
flows through the plasma column to support the latter e
trically, as shown in Fig. 1. The plasma supporting elec
energy is likely to be fed via the original defect site, at le
initially, and for the simplicity of our discussion we assum
that the surface discharge has a stationary root at the d
site and its other root moves on the electrode surface. Th
two current roots are the termination points of the plas
column on the electrode surface, and they connect to a n
plasma, but fuse-linked, section of the electrode surface
shown in Fig. 1. Under the influence of the surface elec
field, the current leaving the moving root of the plasma m
flow along two possible routes on the segmented electr
surface. As illustrated in Fig. 1, the first route is throu
successive electrode segments linked to each other by un
ken fuses, whereas the second is through unconnected
trode segments with either separation gaps or broken f
between them. If we model electrode segments with surf
resistors and separation gaps~or broken fuses! with surface
capacitors, the discharge current may be considered to
through a series of resistors and capacitors along the cu
path unoccupied by the plasma. In other words, the cur
route of the nonplasma section may be described by me
of an equivalent circuit consisting of surface resistors a
surface capacitors connected in series, no matter whethe
plasma-driving current takes the first or the second route
should be noted that the representation of the plasma us
lumped resistor is likely to underestimate the nonlinear
pact of its dynamics. Nevertheless, the resulting equiva
circuit-based model is effective in unraveling the ba
plasma effects in many practical application areas such
outdoor insulators.9,11

As a one-dimensional approximation, the surface d
charge is assumed to be a uniform cylindrical column hav
a length ofLp and a cross-sectional area ofAp . We further
assume that it can be modeled approximately by a res
with resistivity rp and resistance of

Rp5rpLp /Ap5r pLp , ~1!

wherer p is the plasma resistance per unit length. The pr
ence of the surface plasma alters the equivalent impedan
the electrode surface along the current route by effectiv
adding a parallel resistorRp to the surface impedance
zs1Lp , of the electrode area underneath the surface plasm
which zs1 is the unit length impedance. The current path c
then be described approximately by the equivalent circui
Fig. 1~b!, whereL is the overall length of the current rout
andzs2 is the unit length impedance of the electrode surfa
area not covered by the surface plasma.

If r p.uzs1u, a small fraction of the total surface curren
i 0 , flows through the surface plasma, and so the plas
propagation is driven by only a small part of the total ene
of the surface field. This plasma-driving electric energy
duces further, as the plasma elongates to become longe
more resistive@see Eq.~1!#. Thus, even for the cases whe
the surface plasma does elongate initially, it is unlikely
the plasma to draw sufficient electric energy subsequentl
evolve into a catastrophic flashover arc. It is, therefore, r
sonable to assume thatr p.uzs1u is the condition under which
Downloaded 19 Aug 2009 to 158.125.80.71. Redistribution subject to AIP
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the surface discharge can, at most, develop into a short-l
and insignificantly elongated plasma before it extinguish
If r p,uzs1u, on the other hand, the plasma can draw siza
current, and so gain a sufficient amount of electric energy
its subsequent propagation away from its stationary roo
we further assume thatr p!uzs1u, the plasma can then draw
most of the electric energy supplied to undergo a signific
elongation. This suggests thatr p!uzs1u is the condition un-
der which a surface discharge has a high probability of
dergoing considerable elongation.

Under the condition ofr p!uzs1u,zs1Lp may be ignored
in the equivalent circuit of Fig. 1~b!, and this corresponds to
the most severe situation where the plasma is driven by
maximum possible electric energy of the surface field. T
plasma column is now connected in series directly tozs2(L
2Lp), the surface impedance along the current path not c
ered by the plasma. The equivalent circuit in Fig. 1, the
fore, reduces to that in Fig. 2. It is worth mentioning that t
equivalent circuit in Fig. 2 is similar to that proposed r
cently for outdoor insulators,11 albeit the difference in the
context of application areas and in the physical meaning
individual circuit components.

There are two components in the surface impedance
the nonplasma section, namely, a lumped surface resi
Rs , representing the total resistance of electrode segme
and a lumped surface capacitor,Cs , representing the tota
capacitance of separation gaps, both over the length oL
2Lp). Let rs be the resistivity of electrode material,r s its
unit length resistance,« r the relative permittivity of the gap
material, andAs the cross-sectional area of the gap, we ha

Rs5rs~L2Lp!/As5r s~L2Lp!, ~2a!

Cs5«0« rAs /g, ~2b!

where g is the accumulated spacing between all adjac
electrode segments along the nonplasma current route.
total impedance of the equivalent circuit is, therefore,

ZT5Rp1Rs /~11 j vRsCs!, ~3!

with its square modulus as a function ofLp given by

uZTu25yLp
21

rs
2L2

aAs
2 1

2rs

aAs

rp

Ap
2

rs

As
LLp . ~4!

Here,

a511v2Rs
2Cs

2, ~5a!

FIG. 2. Simplified equivalent circuit model of surface discharge plasm
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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y5
rp

2

Ap
2 1

rs
2

aAs
22

2rprs

aArAs
5r p

21
1

a
r s

22
2

a
r sr p . ~5b!

Note that in Fig. 2 the current flowing through th
plasma column is the same as that flowing through the n
plasma section. Thus, ifr p,uzs2u, the voltage drop per uni
length across the plasma column is less than that acros
nonplasma section, and as such the electric field along
surface plasma is lower than that along the nonplasma
tion. Under this condition, free electrons in the plasma c
umn are dragged outwards by the greater electric field
side the plasma, and so the plasma column may extend
the initially nonplasma region of higher electric field.9 Simi-
larly, if r p.uzs2u, the electric field outside the plasma co
umn is smaller than that along the plasma, and so it can
drag free electrons in the plasma column outwards, and
drive the surface discharge to elongate. Thus, under the
mal equilibrium condition, the necessary condition f
plasma elongation isr p,uzs2u. As the plasma column elon
gates whenr p,uzs2u, it gradually takes up the space of th
nonplasma section of higher resistance and reduces the
all impedance of the current route, or

duZTu
dLp

,0. ~6!

From Eq.~4!, the derivative ofuZTu2 with respect toLp is

duZTu2

dLp
52yLp22

rs

aAs

rs

As
2

rp

Ap
L

52yLp22
r s

a
~r s2r p!L, ~7!

so the plasma propagation condition of Eq.~6! becomes

Lp

L
,

r s

ay
~r s2r p!. ~8!

Note that the unit length impedance of the nonplasma sec
satisfies

uzs2u5
uZs2u

L2Lp
5

1

L2LpU Rs

1

j vCs

Rs1
1

j vCs

U
5

Rs

L2Lp

1

A11~vRsCs!
2

5
r s

Aa
,

thus r p,uzs2u implies

r p,r s /Aa. ~9!

Sincea.1, Eq. ~9! suggests that

r s.Aa rp.r p , ~10!

and so the right-hand side of Eq.~8! is always positive.
The maximum plasma length isL when the surface dis

charge develops into a full-scale flashover arc across the
tire width of the capacitor film. So, 0<Lp /L<1. If, in
Eq. ~8!
Downloaded 19 Aug 2009 to 158.125.80.71. Redistribution subject to AIP
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then the plasma propagation condition of Eq.~8! is always
satisfied. It is, therefore, possible for the plasma to deve
into a full-scale flashover. With Eq.~5!, Eq. ~11! becomes

r p<r s /a. ~12!

Note thata5A11v2Rs
2Cs

2.1, so inequality~12! represents
a stronger condition for plasma elongation than the condit
of Eq. ~9!. This is the parametric condition under which
surface plasma can, in principle, elongate and develop in
full-scale flashover arc. It should be noted, however, that
plasma resistance changes as it elongates, and so a con
ation of plasma elongation requires continued satisfaction
the above condition. A possible scenario when the cro
sectional area of the plasma becomes smaller~to maintain
approximately the same column volume! is as it elongates.
This increasesr p according to Eq.~1!. Sustained increase in
r p can eventually invalidate condition~12! at one point of
plasma propagation, the plasma ceases to elongate a
likely to extinguish at this point. On the other hand, if

r s

ay
~r s2r p!,1, ~13!

then Lp will always be less thanL. This suggests that the
discharge may elongate to a point within the bounds of
electrode film, at which it will extinguish. With the aid of Eq
~9!, condition~13! leads to

r s /a,r p,r s /Aa. ~14!

Inequality ~14! specifies the condition under which the su
face plasma may propagate but will extinguish before
reaches the electrode boundary. It is of interest to note
plasma elongation conditions~12! and ~14! are essentially
related to the gradient of the surface electric field at
plasma–surface interface rather than their absolute va
This implies that a surface discharge, and even its elon
tion, may be maintained by a small surface electric fie
much less than that needed to ignite discharge plasma
observed, in practice, for outdoor insulators.9,10

Although the criteria for plasma elongation under t
thermal equilibrium condition are summarized in Eqs.~12!
and ~14! very simply, their application to practical film ca
pacitors is not straightforward. Data for resistance of surf
plasma are not readily available, and so their evaluation
difficult, particularly because plasma resistance also chan
as the surface discharge evolves. This difficulty in evaluat
plasma resistance prevented a direct assessment of the e
of plasma elongation under the thermal equilibrium con
tion in our earlier work.8 To assess the implications o
plasma elongation conditions in Eqs.~12! and ~14! to prac-
tical film capacitors, we consider dry capacitors~air insu-
lated! at room temperature. For an aluminum-coated el
trode with the metallization pattern in Fig. 1,r s is usually
between 50–1000V/cm.10,12Suppose electrode segments a
1 cm2 square with a separation gap 0.1 mm wide and a co
ing thickness of 10 nm, the maximum value ofCs is in the
region of 5310217F when there is only one surface ga
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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along the nonplasma current route. For a capacitor film
cm wide, this suggests thatRsCs is, typically, in the order of
10214s. This requires the source frequency to be around
THz for vRsCs to be comparable to unity. As the majority o
transient signals encountered in many technological app
tions are at frequencies well below 100 GHz~microwave
frequencies!, the effect of the surface capacitance is, the
fore, negligible, and soa'1. This merges conditions~12!
and~14! together to giver p,r s , suggesting that the plasm
resistance needs to be less than the surface resistance in
for it to elongate. Oncer p,r s is satisfied, it is, in principle,
possible for an initially small surface plasma to develop in
a full-scale flashover arc across the entire width of the
pacitor film, and as such potentially lead the film capacito
fail. However, it is important to note that Eqs.~12! and~14!
are necessary but not sufficient conditions for plasma e
gation. For instance, if the surface electric field is too we
to supply adequate energy for plasma propagation, pla
elongation, if any, is unlikely to be sustainable even wh
r p,r s is satisfied.

As an illustration of the likely impact of surface dis
charges, we consider air plasmas for the case of dry cap
tors and we employ the following simple formula of a
plasma conductivity inV21 cm21:13

sp51.531025T1.5,

and so the unit length plasma resistance is given by

r p5
1

sp

1

pdp
2/4

5
8.53104

T1.5dp
2 , ~15!

wheredp is the diameter of the plasma column in centim
ters andT is its temperature in kelvin. At room temperatur
T'300 K and forr s5200V/cm, Eq.~15! leads to

r p

r s
5

8.53104

2003T1.5dp
2 5

0.082

dp
2 . ~16!

For the plasma to be more resistive than the surface re
tance, so as to prevent any possible subsequent elonga
the initial discharge needs to have a diameter of less tha
mm. In other words, plasma elongation is possible only wh
the diameter of the initial discharge is greater than 3 mm
should be noted that the spacing between two adjacen
pacitor film layers~the capacitor winding gap! is usually
much less than 3 mm, typically, in the region around 2mm,
for most modern film capacitors. An initial discharge havi
a diameter greater than 3 mm would have to have punctu
through more than 136 film layers~usually, each 20mm
thick! that sandwich around the surface plasma. This rep
sents a very considerable surface breakdown, a rare e
even towards the very end of a film capacitor’s life expe
ancy. In other words, for practical film capacitors of go
design, surface discharges with an initial diameter com
rable to 3 mm are very unlikely. This is also consistent w
our experience gained from analyzing breakdown dama
of striped-down film capacitors after they have been
tested at elevated voltage stressing.

For more realistic surface discharges having an ini
diameter less than the capacitor winding gap, say 2mm, their
Downloaded 19 Aug 2009 to 158.125.80.71. Redistribution subject to AIP
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resistance is always greater than the surface resistance
at an elevated temperature of 500 K and an increased su
resistance of 1 kV, according to Eq.~16!. Consequently, un-
der the thermal equilibrium condition, surface discharges
unlikely to be less resistive than the electrode surface, an
such their elongation on the electrode surface is not ele
cally encouraged. Hence, in general, after surface plas
are generated by the locally enhanced surface electric fi
they are most likely to shrink in size gradually and even
ally extinguish, while depositing their energy thermally
the surrounding capacitor structure. The main effects of s
face plasmas are, therefore, to contribute to a possible lo
term temperature rise of the film capacitor through the ac
mulated energy release of collapsed plasmas, and perha
microscopic topological changes of the metallization patt
resulting during plasma ignition. In general, these effects
unlikely to affect capacitor performance in any significa
manner.

It should be noted, however, that many microdischar
on the electrode surface in practical film capacitors have
initial temperature much higher than the ambient tempera
of the capacitor structure. The high temperature of surf
plasmas can be an additional source of energy for poss
plasma elongation, and as such our above discussion b
on the thermal equilibrium may not necessarily include ot
viable mechanisms for plasma propagation. To this end,
plasma elongation issue needs to be addressed withou
thermal equilibrium assumption. This will be discussed
detail in the following section.

III. IMPACT OF SURFACE PLASMAS UNDER
THERMALLY NONEQUILIBRIUM CONDITIONS

Inequalities~12! and~14! summarize the elongation con
dition for surface discharge plasmas and their possible e
lution into flashover arcs under the thermal equilibrium co
dition. It is known, however, that breakdown discharges
film capacitors can be much hotter than the plasma cont
ing capacitor structure. Furthermore, the plasma tempera
also changes, as the surface plasma propagates on the
trode surface and interacts thermally with its surround
structure. Hence, it is almost inevitable that there is, in g
eral, a temperature gradient between the plasma column
its surrounding space, especially during plasma ignition. T
highlights the need to take into account of thermal effects
our analysis of plasma propagation and its impact on cap
tor performance. In this section, we study possible he
conduction-induced mechanisms for plasma elongation.

Surface discharge plasmas are usually ignited by the
face electric field, and subsequently sustained through
surface current. Without heat exchange with its surround
space, the plasma is heated up through its own Ohmic los
i p
2Rp , and as such its temperature rises. However, as it in

acts thermally with the capacitor structure, its temperat
reduces in the form of heat dissipation and radiation into
surrounding capacitor space. Therefore, there are two c
peting processes for plasma temperature to change. If the
temperature change is negative, the plasma becomes inc
ingly resistive and as such increasingly unlikely to elonga
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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On the other hand, if the plasma undergoes a positive
temperature change, it becomes increasingly hotter, an
such less resistive, according to Eq.~15!. In general, this
does not necessarily lead to plasma elongation. Howe
when the plasma resistance reduces to below the surfac
sistance of its surrounding electrode area, the disch
plasma begins to elongate, driven by the greater electric fi
outside its column, as suggested in Eqs.~12! and ~14!. For
cases where the plasma resistance remains larger tha
electrode surface resistance throughout the time scale o
terest, it is possible for the plasma front~its moving root! to
sufficiently heat up the insulating air nearby for the latter
ionize. This air ionization results in a second discha
plasma, which merges with the initial plasma to becom
new plasma column of greater length. In other words, t
ionization mechanism can lead to an effective plasma e
gation. Finally, when there is no net temperature change,
plasma resistance remains unchanged and this represen
critical condition under which plasma elongation is not th
mally encouraged.

In general, heat conduction in the plasma–capacitor s
tem is governed by14

rmcp

]T

]t
5k

]2T

]x2 1q* , ~17!

in the one-dimensional limit. Here,rm is the mass density o
the material under consideration,cp the specific heat,k ther-
mal conductivity,x the distance along the current route fro
a predefined origin point, andq* the internally generated
heat per unit volume. First, we apply the above equation
the plasma column. As an approximation, the thermal ra
tion loss of the plasma is assumed to be negligible, and
q* 5 i p

2Rp /ApLp is the internal heat source for the plasm
column. Furthermore, we assume that the]T/]t term on the
left-hand side of Eq.~17! is predominately controlled byq* ,
and so the spatial variation of temperature along the pla
is neglected. Since surface plasmas often spark discharg
short length initially, this is a reasonable approximatio
Thus, for the plasma column

]Tp

]t
5

i p
2r p

rmpcpAp
5g1~Tp!. ~18!

The current flowing through the plasma,i p , is related to the
external voltageV0 via the circuit impedance of Eq.~3!. As it
has been established in the previous section,a'1 for fre-
quencies well below 100 GHz, and soZT5Rp1Rs . Conse-
quently,

g1~T!5
E0

2

rmp~T!cp~T!Ap

r p~T!

@r s1~r p~T!2r s!~Lp /L !#2 ,

~19!

whereE05V0 /L is the average surface electric field.
For the current path along the nonplasma electrode

face, its temperature rise is largely induced by heat cond
tion from the plasma column while its own Ohmic heati
should be, by comparison, negligibly small. In other wor
Downloaded 19 Aug 2009 to 158.125.80.71. Redistribution subject to AIP
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the nonplasma section of the current path acts as a heat
for the plasma column. Thus, for the nonplasma section
~17! becomes

rmscps

]Ts

]t
5ks

f 2Ts

f x2 . ~20!

Suppose the nonplasma section of lengthx0 has one end, a
x5x0 , attached to the plasma column of temperatureTp and
its other end, atx50, maintained at the ambient temperatu
Tamb, of the capacitor structure. Equation~20! can be solved
analytically,14 and one solution is

Ts~x,t !5Tamb1~Tp~ t !2Tamb!sin
px

2x0
e2~p/2x0!2ast,

~21!

whereas5ks /rmscps is the thermal diffusivity of the elec-
trode material. At the plasma interface with the nonplas
section, the temperature is reduced according to

Ts~x0 ,t !5Tamb1~Tp02Tamb!e
2~p/2x0!2ast, ~22!

whereTp0 is the plasma temperaturet50 and also the tem-
perature of the nonplasma section at its interface with
plasma and att50.

For many film capacitors used in power systems a
other technological applications, their electrode materia
either aluminum or its alloy. At room temperature,as

50.06– 0.08 m2/s for pure aluminum and some of its allo
forms.14 If we choosex0 to be approximately the half width
of the capacitor electrode, say, 8 cm~implying a very signifi-
cantly elongated plasma 7 cm long on a 15-cm wide cap
tor film!, then (p/2x0)2ast'30t. As a single gas discharg
event usually lasts well within the millisecond range in fil
capacitors, the above term is very small, and so

Ts~x0 ,t !2Tp0'2@Tp02Tamb#~p/2x0!2ast. ~23!

It should be noted that for discharge plasmas of much sho
initial length, x0 is larger than 8 cm, and as suc
(p/2x0)2ast is even smaller.

When the temperature reduction of the plasma colu
due to the heat conduction through its moving root@Eq. ~23!#
is the same as its temperature rise characterized in Eq.~18!,
the plasma will maintain its initial temperature. Under th
condition, it is unlikely for the plasma to become less res
tive, according to Eq.~15!, and as such it will not elongate
unless dragged by a greater electric field outside the pla
column. In other words, a surface plasma is unlikely to u
dergo a thermally driven elongation when its temperat
rise due to Ohmic heating reduces to the same as its temp
ture drop due to heat conduction. To this end, we introd
the ratio of temperature change

f ~T![
uDTriseu
uDTdropu

5
g1~T!

~T2Tamb!~p/2x0!2as
, ~24!

such that f (T)51 represents the above-mentioned critic
condition. Note thatx05L2Lp , and so Eq.~24! reduces to

f ~T!5
~12Lp /L !2

@11~r p /r s21!Lp /L#
Q~T!, ~25!
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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where

Q~T!5
L2

Ap

4

p2

E0
2r p /r s

2

cprmpas~T2Tamb!
. ~26!

The above equation is a measure of the relative temp
ture increase of the plasma column in the one-dimensio
limit, in which the plasma column is assumed to have
same cross-sectional area as the film capacitor. As the in
surface spark discharge is usually short and filamentary,
is an overestimate of the thermal impact of the plasma.
account for this, the plasma temperature rise of Eq.~18! is
reduced by the ratio of the cross-sectional area of the pla
column,Ap , and that of a film capacitor,dc3Lw , with dc

being the thickness of the plasma containing capacitor p
andLw its length. Furthermore, as the lateral heat conduc
of the plasma is also possible cross the plasma column
additional coefficient ofdpLp /dcL should be introduced. As
sumingLw5L for a square capacitor pack, Eq.~26! becomes

Q~T!5
4

p2

dpLp

dc
2

E0
2r p /r s

2

cprmpas~T2Tamb!
. ~27!

If f (T).1, the temperature rise of the plasma column can
be compensated by the temperature reduction due to its
conduction to the nonplasma region. As a result, the pla
becomes hotter and less resistive. This can lead to its e
gation into its surrounding space when it becomes less re
tive than the electrode surface. Iff (T),1, the temperature
rise of the plasma column is well offset by the temperat

FIG. 3. Specific heat of air plasma as a function of temperature.

FIG. 4. Conductivity of air plasma as a function of temperature.
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reduction of the nonplasma area, and as such the pla
becomes progressively colder and eventually extinguishe

To illustrate whether a surface plasma may elongate
der thermally nonequilibrium conditions, we consider a fi
capacitor withr s5200V/cm andTamb5298 K. For practical
multiple-layer film capacitors,dc52 – 5 cm, and so we
choosedc52.5 cm for all cases discussed here. We now
sume that the surface discharge is an air plasma with a
ameter ofdp52 mm and employ Eq.~27! to identify the
parametric condition under which the air plasma may u
dergo a net temperature rise. The specific heat of the
plasma is obtained from Ref. 15 and plotted in Fig. 3 a
function of temperature at one atmospheric pressure. S
larly, electrical conductivity of the air plasma and its dens
are plotted against the temperature in Figs. 4 and 5 base
the data in Refs. 16 and 17, respectively. For the electr
surface, the thermal diffusivity of aluminum is shown in Fi
6.18 It is important to mention that we deliberately choose
very high temperature for surface plasmas in an attemp
assess the worst scenario in which the film capacitor is
pacted on by the most severe and hottest possible plas
However, one implication is that the use of the data shown
Figs. 3–6 and Eq.~27! does not permit a detailed descriptio
of the dynamics of more realistic, but much milder, surfa
plasmas over a more probable temperature range below 5
K. Nevertheless, these less-severe plasmas should ha
much smaller impact on capacitor performance. Given t

FIG. 5. Density of air plasma as a function of temperature.

FIG. 6. Thermal diffusivity of aluminum as a function of temperature~see
Ref. 18!.
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our prime objective is to understand whether surface
charges may affect significantly capacitor performance un
any possible circumstances, it is more profitable to asses
worst scenario caused by the most severe plasmas first b
the detailed dynamic features of much milder and reali
surface plasmas are unraveled.

It is clear from Eq.~27! that heat transfer between th
plasma column and its surrounding structure depends
much upon the surface electric field, which drives the surf
current to provide the necessary electric energy for plas
evolution. In our previous work, we considered plasm
propagation at a surface field of 200 V/cm,8 since this is
illustrative of the level of surface electric field that ma
cause sustained plasma elongation in outdoor insulators9 At
this level of surface electric field, a surface discharge m
elongate to between 30% and 40% of the width of a fi
capacitor. This is a very significant plasma elongation an
would cause considerable damage to film capacitors. A m
accurate evaluation of the surface electric field may be
tained using an equivalent circuit model developed rece
for film capacitors.10 It has been shown that for ac capacito
at 15 kHz or below, the rms value of the surface electric fi
is, at most, 20 V/cm.10 A higher surface electric field can b
achieved at higher frequencies, but the very short period
these high-frequency signals is such that they may no
able to support a surface discharge throughout the entire
ration of its development. In other words, surface dischar
are likely to experience an effective electric field that
much less than predicted for frequencies much greater
15 kHz. To this end, we assume that the surface electric fi
is a constant at 20 V/cm.

Based on the parameters chosen above and Eqs.~25! and
~27!, the normalized temperature rise of the plasma colu
is plotted in Fig. 7 as a function of its initial temperatu
using the data in Figs. 3–6. Suppose a surface discharg
initially 0.0045L long ~0.675 mm on a 15-cm-wide capacito
film! at about 5700 K, corresponding to a plasma opera
point at pointA on the top curve in Fig. 7. Since there is
positive net temperature rise at pointA, the plasma tempera
ture goes up subsequently and its operation point mo
along the top curve towards the right to the high
temperature region in Fig. 7. As the plasma becomes ho
and hotter, it may start to elongate through either an elec

FIG. 7. Normalized temperature rise of an air plasma as a function o
initial temperature at different initial plasma length.
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field gradient at its boundary with the nonplasma section
an amalgamation with an additional ionized air induc
around its moving root. In Fig. 7, this corresponds to t
plasma operation point as it moves to a lower curve havin
greaterLp /L ratio ~thus, longer plasma length!, for instance,
the Lp /L50.007 curve. In practice, this process consume
sizable amount of plasma energy prior to its elongation, a
so imposes a restriction on the extent of future plasma e
gation. If the new operating point of the discharge plas
still has a positive net temperature rise, the plasma temp
ture continues to increase until further elongation proces
move the plasma to an operation point with a zero net te
perature rise such as pointB in Fig. 7. With a surface electric
field at 20 V/cm, the plasma column at pointB in Fig. 7
would be maintained around 6640 K and 0.0095L ~1.425
mm on a 15-cm-wide capacitor film!. Given that one elec-
trode element is about 1 cm wide by 1 cm long, such
steady-state plasma would be unlikely to cause any sig
cant damage to the film capacitors. In practice, a cons
surface field can very rarely be maintained forever. Wh
and as, the surface field reduces, the plasma will be gradu
absorbed thermally into its surrounding structure and ev
tually extinguished.

For surface discharges with a different initial length fro
0.0045L, they are likely to undergo a similar process to t
A→B route in Fig. 7, provided they experience initially a n
temperature rise. Specifically, the discharge plasma is lik
to undergo either a field-gradient-induced elongation@condi-
tions ~12! and ~14!# or gas-ionization-induced elongatio
such that it settles at an equilibrium point like pointB in Fig.
7 before being absorbed thermally. It is worth noting that
the curves in Fig. 7 show an upturn in net temperature
above around 6200 K. For cases where the discharge pla
does not elongate in the time scale of interest, this does
mean an unrestricted temperature rise for the plasma
practice, the surface electric field reduces from its nomi
peak value, at least periodically as in ac applications, and
such the electric energy required to drive up the plasma t
perature withdraws and the hot plasma starts to be abso
thermally by its surrounding structure. Since gas discha
events last well within 1 ms, it is highly probable that th
discharge plasma will extinguish before the withdrawn el
tric energy is re-fed into the discharge region.

For surface plasmas with a negative net temperature
initially, such as those on theLp /L50.0145 curve at a tem
perature below 7000 K in Fig. 7, they become increasin
colder and less resistive. Thus, it is unlikely for them
elongate subsequently. Instead, they shrink in size gradu
and extinguish eventually. From the above discussion of F
7, it appears that there are always mechanisms for sur
discharges of varying initial conditions to extinguish at
eventual length much smaller than the width of the capac
film. Hence, surface breakdowns and their discharge plas
are not very likely to evolve into significant flashover ar
for the system parameters used in Fig. 7. At a greater sur
electric field or a larger plasma diameter, however, the len
at which the plasma extinguishes is found numerically to
at a larger proportion of the capacitor film width. Therefo
there is a theoretical possibility for a surface discharge

ts
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have a momentary tendency to evolve into a signific
flashover arc. However, as already illustrated, discharge p
mas are not likely to be supported permanently at a cons
peak surface field and a periodic reduction in the latter
duces considerably the impact of possible plasma elonga
As the capacitor winding gap is around 2mm, surface plas-
mas with a diameter much greater than 2mm are also un-
likely. Equally important is the fact that we deliberate
choose a temperature range that is well above what ca
normally expected for surface discharges in film capacit
in an attempt to assess the maximum possible impact of
face discharges and their elongation. Therefore, the pla
elongation illustrated by Fig. 7 is a considerable overe
mate, and as such the general conclusion of insignifican
fects of surface discharges on capacitor performance sh
remain valid even at a greater surface electric field.

It is also of interest to note that the plasma resista
used in Fig. 7 is much higher than the surface resistance
shown in Fig. 8. It is clear that for the example discussed
Fig. 7 plasma elongation due to the electric-field gradien
not possible. Instead, the plasma elongation indicated in
7 is entirely due to the heat conduction of the plasma c
umn. In this case, the significant temperature gradient
tween the plasma column and its surrounding space resu
an overwhelming heat-conduction effect on the plas
propagation and the electric-field-based argument of Eq.~6!
becomes irrelevant. For surface discharges, in general, t
are generically two mechanisms for plasma elongati
namely, the electric-field gradient and the temperature gr
ent. For practical film capacitors, these two mechanisms m
exist simultaneously and the detailed processes of pla
propagation are likely more complicated than described
the formulation developed in this study. However, these
tailed features are of secondary importance, as designers
users of film capacitors are predominately concerned w
whether surface plasmas may reduce significantly capa
life and reliability. From our physical model that deliberate
exaggerates the impact of these surface plasmas, it se
that surface plasmas should not affect capacitor performa
significantly. Thus, even when more sophisticated plas
models are developed in the future to unravel the deta
dynamic features of surface discharges, they are unlikel

FIG. 8. Normalized plasma resistance as a function of plasma tempera
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change the general conclusion that surface plasmas hav
insignificant impact on capacitor performance.

IV. CONCLUSION

We have developed two simplified analytical formul
tions to study propagation and elongation of surface bre
down plasmas in metallized film capacitors under therm
equilibrium conditions and thermally nonequilibrium cond
tions, respectively. A surface field gradient mechanism w
used to characterize the propagation of cold surface plasm
whereas a temperature gradient mechanism was propos
capture the essential features of the hot surface plas
when propagating and elongating on the electrode surf
Numerical examples were then used to assess the worse
nario whereby the film capacitors are impacted on by la
surface plasmas of the greatest possible diameter, at the h
est possible temperature, driven by a significant surface e
tric field. From our studies of these worse cases, it has b
shown that while surface breakdown discharges may e
gate they are unlikely to evolve into significant flashov
arcs. Therefore, their impact on capacitor performance
likely to be insignificant. This finding is consistent with ou
observation from discharge damage analyses of aged
capacitors.

It should be mentioned, however, that our discussion
based on the square metallization pattern of Fig. 1, for wh
surface resistance is known and performance of relev
practical film capacitors is also known. For film capacitors
radically different metallization patterns, their surface res
tance can be much greater than assumed for that in Fig. 1
their induced surface field intensification may also be sign
cant such that the surface field is in excess of 20 V/cm
frequencies below 15 kHz. As a result, the impact of surfa
breakdown discharges needs to be reassessed for thes
ferent film capacitors using the theoretical models develo
in this study.

ACKNOWLEDGMENTS

One of the authors~Y.P.L.! acknowledges financial sup
port from ABB Power T & D, Capacitor Division, UK, and
Loughborough University, and the CVCP committee~UK!.

1D. G. Shaw, S. W. Cichanowski, and A. Yializis, IEEE Trans. Electr. Ins
16, 399 ~1981!.

2C. W. Reed and S. W. Chichanowski, IEEE Trans. Dielectr. Electr. In
1, 904 ~1994!.

3B. Sanden and E. Ildstad, Proceedings of the 1998 IEEE Internati
Conference on Conduction and Breakdown in Solid Dielectrics, Vaste
Sweden, June~1998!, pp. 210–213~unpublished!.

4A. Gadoum, B. Gosse, and J.-P. Gosse, IEEE Trans. Dielectr. Electr. I
2, 1075~1995!.

5W. Khachen and J. R. Laghari, IEEE Trans. Electr. Insul.27, 1022~1992!.
6A. Schneuwly, P. Groning, L. Schlapbach, C. Irrgang, and J. Vogt, IE
Trans. Dielectr. Electr. Insul.5, 862 ~1998!.

7J. Kammermaier, G. Rittmayer, and S. Birkle, J. Appl. Phys.66, 1594
~1989!.

8M. G. Kong and Y. P. Lee, Proceedings of the IEEE International Con
ence on Dielectrics and Electrical Insulation Phenomenon, Victoria,
Canada, October~2000! ~unpublished!.

9H. Boehme and F. Obenaus, CIGRE Paper 407~1966! ~unpublished!.

re.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



ng
su

ns

um

re

3078 J. Appl. Phys., Vol. 90, No. 6, 15 September 2001 M. G. Kong and Y. P. Lee
10Y. P. Lee, M. G. Kong, M. R. Dunn, and D. Young-Cannon, Proceedi
of the IEEE International Conference on Dielectrics and Electrical In
lation Phenomena, Victoria, BC, Canada, October~2000! ~unpublished!.

11N. Dhahbi-Megriche, A. Beroual, and L. Krahenbuhl, J. Phys. D30, 889
~1997!.

12G. J. Walters~private communications!.
13I. Fofana and A. Beroual, J. Phys. D30, 1653~1997!.
14A. J. Chapman, Heat Transfer, 3rd ed.~MacMillan, New York, 1974!.
15R. N. Gupita, K. P. Lee, R. A. Thompson, and J. M. Yos, ‘‘Calculatio
Downloaded 19 Aug 2009 to 158.125.80.71. Redistribution subject to AIP
s
-

and curve fits of thermodynamic and transport properties for equilibri
air to 30 000 K,’’ NASA Reference Publication No. 1260~1991!.

16S. V. Dresvin,Physics and Technology of Low-Temperature Plasmas~The
Iowa State University Press, Ames, IA, 1977!.

17H. Kroepelin et al., Thermodynamic Diagrams for High Temperatu
Plasmas of Air, Air–Carbon, Carbon–Hydrogen Mixtures, and Argon
~Pergamon, Oxford, 1971!.

18Y. S. Touloukian, R. W. Powell, C. Y. Ho, and M. C. Nicolaou,Thermo-
physical Properties of Matter, Volume 10: Thermal Diffusivity~1973!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp


