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MODELS OF PARTIAL DISCHARGES (PD) IN ENCLOSED
CAVITIES IN SOLID DIELECTRICS: A STUDY OF
THE RELATIONSHIP OF PD MAGNITUDES TO

THE SENSITIVITY OF PD DETECTORS AND SOME
FURTHER COMMENTS ON INSULATION LIFETIME

Michael G. Danikas - Grigorios E. Vassiliadis
∗

In this paper comments are offered on three partial discharge (PD) models, namely the models of Gemant-von Phlippoff,

Pedersen and Siemens. Relationships are also offered between the apparent charge of a discharge appearing in enclosed

cavities in solid dielectrics and the lifetime of a solid insulation as well as between the apparent charge and the sensitivity

of PD detectors. Based on the results of sensitivity analysis, the paper also indicates that for the chosen disposal system the

parameters for the natural barrier are more sensitive than the parameters for the engineered barriers.
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1 INTRODUCTION

Partial discharges in solid insulation cavities have

been studied extensively [1, 2]. Models describing the

behaviour of the PD in cavities have been developed and

studied [4 - 8]. One of them has been based upon the ca-

pacitance notion [3, 4], whereas the other two have been

based on electromagnetic theory [5, 6].

It is the purpose of the present paper to tackle the

question of the relationship of the PD magnitude with the

thickness of the insulation as well as with the dimensions

of an enclosed cavity. Moreover, the relationship of the

cavity dimensions to the lifetime of the insulation is also

investigated.
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Fig. 1. Schematic representation of the equivalent circuit of a cavity

enclosed in a solid insulating material (Vc is the voltage appearing

across the cavity, Va is the voltage appearing across the whole
insulation. The rest of the symbols is explained in the text

2 BRIEF DESCRIPTION OF THE PD MODELS

The classical model (or abc model or the Gemant-
von Philippoff model) is given schematically in Fig. 1.
An enclosed cavity in solid insulation can be represented
by a capacitance Cc , the insulation next to the cavity by
a capacitance Cb and the rest of the capacitance of the
insulation as Ca . The voltage across the cavity can be
given by

Vc = Va

Cb

Cb + Cc

(1)

The apparent charge qa of a discharge can be given by

qa = Cb∆Vc (2)

where, ∆Vc is the voltage drop across the cavity [7].

Another model has been developed much later [5],
giving the apparent charge q of a discharge as follows

q = εrε0
E2γV

la
(3)

where εr is the relative permittivity of the surround-
ing insulating material, ε0 is the permittivity of free
space, E2 is the PD inception voltage per Paschen curve,
γ is taken to be the ratio between the applied field to
the whole electrode arrangement and the applied voltage
(eg γ will be equal to l/d , if the electrode arrangement is
planar, with d being the gap spacing between the plane
electrodes), V is the cavity volume and la is a geome-
try factor depending on the axis ratio of the cavity. The
proposed model as well as the following [6] were devel-
oped based on electromagnetic theory. In [6], the charge
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induced on the measuring electrode by the PD in a cavity
is given by

q = kΩεrε0(Ei − El)∇λ0 (4)

where, k is a cavity geometry factor, Ω is the cavity
volume, Ei is the inception electrical field for a streamer
PD, El is the limiting field for ionization, εr and ε0 as
above and ∇λ0 is the ratio between the applied field to
the whole electrode arrangement and the applied voltage
(ie a quantity analogous to γ in model [5]). Comparing
the models [5] and [6], one may notice that their basic
difference is that whereas the former is based on Paschen’s
law, the latter considers PD of the streamer type [8]. In
other words, whereas the model of [5] refers rather to
Townsend PD, the model of [6] refers to streamer PD.

3 SOME CONSIDERATIONS ABOUT

THE APPARENT CHARGE AND

ITS RELATIONSHIP TO THE

THICKNESS OF THE INSULATION

Considering the model [6] and a cylindrical electrode
arrangement, with r0 and ri the radii of the outer and
the inner electrode respectively, the quantity ∇λ0 is ex-
pressed as

∇λ0 =
1

r ln( r0

ri
)
r (5)

where, r is the distance from the central axis of a cavity.
In the case of two cylindrical electrode arrangements, and
assuming that we have a cavity of the same dimensions
and at the same distance r from the central axis in both
cases, the respective charges q1 and q2 will be given as

q1 = kΩεrε0
Ei − El

r ln( r01

ri1
)

(6)

and

q2 = kΩεrε0
Ei − El

r ln( r02

ri2
)

(7)

If we take that the inner radii are equal (ie ri1 = ri2)
and that r02 > r01 , we then have

q1
q2
=
ln( r02

ri2
)

ln( r01

ri1
)

(8)

which suggests that - because of the assumptions given
above - the ratio q1/q2 will be greater than 1, which
means q1 > q2 . In other words, this implies that with
an increase of the insulation thickness the charge can be
detected with more difficulty.

The same reasoning as above is also applied when we
deal with plane-to-plane electrode arrangements. In this
case, if we take into account the model of [6], we have
∇λ0 = 1/d . Consequently, for two plane-to-plane ar-
rangements having different thicknesses, d1 and d2 (with
d2 > d1 ), and following the same reasoning as above we
finally have

q1
q2
=

d2

d1

(9)

ie again, an increase in insulation thickness renders more
difficult the detection of the charge. That is to say, we
need, as insulation thickness increases, more sensitive PD
detectors.

The same conclusions can be reached by using either
the model [5] or the classical capacitance model [3, 4, 9].
Certain points can be raised: first, that no matter the
PD model, given that we deal with a uniform electrode
arrangement, insulation thickness plays a dominant role
in defining the need for a more sensitive PD detector. A
thicker insulation requires a PD detector of higher sensi-
tivity in order to register PD which might be very small
and not necessarily innocuous for the insulation lifetime.
Second, that the need for a higher PD sensitivity follows
irrespectively of the type of PD mechanisms (Townsend
or streamer) which may dominate in the material. We em-
phasize this last point since, as was mentioned above, the
Gemant-von Philippoff model applies more to Townsend
PD and Pedersen’s model to streamer PD.

4 DEPENDENCE OF THE LIFETIME

OF INSULATION ON THE RADIUS OF

AN ENCLOSED SPHERICAL CAVITY

It is well known that an empirical formula expressing
the lifetime L of an insulation in terms of the applied
voltage V is given by

L = kV −n (10)

where n is a constant dependent on the insulating ma-
terial and the quality of the construction of the material
and k is a constant. If we talk about a uniform electric
field E , then E = V/d (where d is the thickness of the
insulation). Consequently,

L = k(Ed)−n (11)

Assuming that a spherical cavity exists in the insulation,
E the electric field applied to the whole insulation, ε
the permittivity of the surrounding material and Ec the
electric field inside the enclosed cavity, we have

Ec = E
3εr

2εr + 1
or E = Ec

2εr + 1

3εr

(12)

From a combination of (11) and (12) we finally have

L = k

[

Ecd
2εr + 1

3εr

]−n

(13)

If we consider in Eq. (13) constant the values of ε ,
n and k and we change the values of the electric field
Ec then we have Fig. 2 which shows that as the electric
field Ec inside the enclosed cavity increases, the lifetime
of the insulation decreases. Figure 3 shows a schematic
representation of an enclosed spherical cavity in a solid
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insulation. The cavity has a radius R , the applied field to
the insulation is E , Ec the field inside the cavity with a
and d as shown. If we take into account from Fig. 3 that
d = 2a+ 2R , then (13) is modified accordingly, ie

L = k

[

2Ec(a+R)
2εr + 1

3εr

]−n

(14)

We thus have a relationship between the lifetime L and
the radius of a spherical cavity. For ε , n and k constant,
we have that for very small cavity radii the lifetime of an
insulation is affected to a much lesser extent than in the
case of greater cavity radii.
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Fig. 2. Change of lifetime (in hours) with the electric field Ec (in
kV/mm) inside the cavity. Eq. (13) of the text was used for the

calculation of this figure with εr =3,n=10 and k=4

a

E

Ec

R

d

a

Fig. 3. Schematic representation of a spherical cavity enclosed in
a solid insulation

5 CYLINDRICAL CAVITY WITH ITS

MAIN AXIS PERPENDICULAR TO

THE APPLIED ELECTRIC FIELD

Figure 4 shows a cylindrical cavity with its main axis
perpendicular to the direction of the applied electric field
E . The electric field Ec inside such a cavity is given from

Ec = 2E
εr

1 + εr

(15)

Since d is the diameter of the cavity (= 2r , r being its
radius) and Vc the voltage developed across the cavity,
we have that

2rEc = Vc (16)

Consequently, from Eqs. (15) and (16), we have

Vc = 4rE
εr

1 + εr

(17)
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h

Fig. 4. Schematic representation of a cylindrical cavity enclosed in

a solid insulation with its main axis perpendicular to the applied
electric field

In Eq. (17) we see also a formula relating the applied
electric field E to the insulation with the respective ap-
plied voltage inside the cavity. In broader terms, Eq. (17)
is an equation expressing the inception voltage in the cav-
ity in terms of its radius r and the applied electric field
in the whole insulation. Bearing in mind Eq. (2), and by
substituting Eq. (17) in Eq. (2), we have

q = 4rECb

εr

1 + εr

(18)

which shows that the apparent charge q is proportional
to the radius r of the cavity. If Cb is the capacitance
of the insulation next to the cavity and D is the total
thickness of the insulation (Fig. 4), then

Cb = ε0εr

A

D − 2r
(19)

If we substitute Eqs. (17) and (19) in Eq. (2), then

q =
4rε0ε

2
rAE

(D − 2r)(1 + εr)
(20)

The latter is a relationship of significant interest because
it shows again that the apparent charge q depends on
the total thickness of the insulation. In other words, an
increase of the insulation thickness requires a higher sen-
sitivity PD detector.

Generally speaking, we realize that insulation thick-
ness plays a dominant role in determining the require-
ments for high sensitivity in PD detection. This, as was
shown already in the context of the present paper, is valid
independently of the sort of enclosed cavity in the insu-
lation. This conclusion is also valid independently of the
means of our analysis, ie independently of what kind of
PD model we use in order to interpret the behaviour of
PD events inside an enclosed cavity. The above are in
agreement with previously published work [10].
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6 IS THERE AN INDUSTRIAL IMPORTANCE

IN THE ABOVE? – SOME COMMENTS

The importance of the above for the industry is obvi-
ous. Thicker insulation needs more sensitive PD means of
detection. This becomes even more critical in an indus-
trial environment (with all sorts of external interference
existing). The scaling relationships mentioned above ac-
quire also a particular significance in view of the late re-
search referring to very small PD which may influence the
lifetime of an insulation, iePD which are detected either
at the inception voltage level or exist even below that [11].
Work concerning PD events (or charging phenomena) at
or below the inception voltage level were reported in this
journal [12, 13]. Research on this subject is still under
way and will be reported later [14].

The lifetime of an insulation is affected by the size of
the cavities. Very small cavities (of the order of 0.01 mm
radius and smaller and especially smaller than 0.001 mm)
do not appreciably decrease the lifetime of the insulation
[15]. This is in agreement with previous work on the
subject and also in accordance with results obtained from
Paschen’s curve and the streamer criterion [16]. Paschen’s
curve as well as the streamer criterion give very high
breakdown strengths for cavities having radii smaller than
0.01 mm.

7 CONCLUSIONS

This paper indicates that thicker insulations require
higher sensitivity PD detectors. Analysis of the PD events
with the known Gemant-von Philippoff model or Ped-
ersen’s model indicate that the above holds true. The
lifetime of an insulation depends also on the size of the
enclosed cavities. Very small cavities do not appreciably
decrease the lifetime of an insulation.
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