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ABSTRACT 
HVDC cables play an important role in a growing number of 
HVDC links. For almost all of these cables, mass impregnated 
paper is used as electrical insulation. The electrical conduc- 
tivity of this insulation is given by a commonly used empirical 
formula. This formula takes into account the temperature and 
stress dependency of the conductivity. This paper derives a 
physics-based equation describing ionic conduction. In good 
approximation this theoretical formula gives the same results 
as the empirical one. This makes it most likely that the con- 
duction in paper mass impregnated cables is of the ionic kind. 
The derived formula uses some physical parameters like the 
inter-potential well distance, the potential well depth and the 
carrier concentration. Numerical values of these quantities for 
mass impregnated paper are given. According to the proposed 
model, the stress dependency results from the inter-potential 
well distance only. The temperature dependency results mere- 
ly from the depth of the potential energy wells. In addition 
some possible underlying physical processes are described. 

1. INTRODUCTION commonly used empirical formula is 

ROM the early beginning of the development of the F HVDC cable, these cables haven been insulated with 
mass impregnated paper. The electric field in the cable 
insulation depends on the conduction properties of the 
insulating material and the geometry of the cable. Al- 
though the geometry is exactly known, the conduction 
properties of the impregnated material are uncertain. 

In recent years worldwide measurements resulted in 
empirical formulas, describing the conductivity of mass 
impregnated paper as a function of temperature and field 
strength [l-81. All these formulas represent the measured 
conductivity data with a reasonable accuracy. The most 

where 0 stands for electrical conduction, co for the con- 
duction at zero temperature and zero electrical field, (Y 

for the temperature dependency coefficient, Y for the field 
dependency coefficient, T for the temperature and E for 
the electrical field. Although it is assumed that the con- 
duction mechanism of mass impregnated paper is of the 
ionic kind [6,15], this empirical formula lacks a physical 
basis. In this paper it will be shown that it is possible 
to connect a physically based conduction formula to the 
empirical one and to describe the quantitative aspects of 
the underlying conduction process. Some possible con- 
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duction mechanisms are discussed. 

2. THEORY 
Let us assume a medium in which ionic conduction 

takes place. The medium consists of nl particles of type 
1, n2 particles of type 2 and in general rai particles of 
type i per unit volume. Assign a charge qi to each par- 
ticle, where qi = wie, wi is an integer (zero, positive or 
negative) and e denotes the charge cf one electron. The 
total number of particles per unit volume is given by 

&=E% 
i 

In this medium a charged particle can be trapped by a 
host particle, usually a larger polymer molecule. Physi- 
cally this means that the particle is trapped in a potential 
energy well of height H. In fact, all host particles to- 
gether form a 3-dimensional potential energy landscape 
through which the particle travels. 

Particles of different kinds can be caught by different 
types of host particles, thus taking into account different 
conduction processes at a time. This means that particles 
of different kinds experience different potential energy 
landscapes. For this reason the height of the potential 
energy for a particle of type i will be denoted by Hi. 
The probability per unit time (from now on the addition 
'per unit time' will be omitted) that a particle of type 
i escapes from an equilibrium position depends on the 
temperature T, the depth of the potential energy well Hi ,  
the attempt-to-escape frequency wi and can be found to 

pi = - wi exp [ -%] 
277 (3) 

where k is the Boltzmann constant [lo,  11,191. 

After having escaped, the particle falls into the poten- 
tial energy well of the next host. In the following the 
assumption is made that no particle will cross two po- 
tential energy wells at a time. This is justified, because 
pi" <<pi. 

m ~\ ni 
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Figure 1. 
(a) The situation around a potential energy well 

Let us concentrate on what will happen around one 
potential energy well. In the absence of an electric field 
the probability p:92 that a particle of type i will cross the 
well from left to  right is the same as the probability p:" 
that a particle of type i will cross the well from right to 
left, and equals pi. Thus the net particle flux across the 
well is zero (Figure l(a)). 

p<% P = M  p>% 
Figure 2. 

The effect of the symmetry factor on the shape 
of the potenti& energy well. 

When an electric field is applied over the well, the 
probability p t S 2  that a particle of type i will cross the 
well in the direction of the field is given by 

where El,, denotes the microscopic electric field in the 
region of the potential energy well caused by the macro- 
scopic electric field E, bi denotes the distance between 
two equilibrium positions for a particle of type i, and p 
is a symmetry factor [lo,  11,16,19]. The probability per 
unit time p:*' of a particle of type i to cross the well 
against the direction of the field is given by 

The symmetry factor P describes the shape of the poten- 
tial energy well (Figure 2 )  [16]. A high degree of symme- 
try (P = 1/2) results in an equal field induced change in 
probability for a particle to cross the well in both direc- 
tions. A high degree of asymmetry (0 = 0 or 1) results 
in an unequal field induced change in probability for a 
particle to cross the well from left to right in comparison 
with a jump from right to left (see Figure l(b)). Now the 
net particle flux of type i across the well in the direction 
of the field is given by 

. .  -~ 
in absence of an electric field. (b) The situation 
around a potential energy well with an electric 
field. 

If the particles have no charge they do not contribute 
to the conduction process. However if particles of type i 
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Empirical 
Insulation 00 U -I 

type n-'m-l 'C-' mm/kV 
1 Ixlo-le 0.1 0.03 
2 1x10-'6 0.1 0.08 
3 IxIO-'~ 0.05 0.03 
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Theoretical 
N H b  

m-' eV nm 
1.7x10'6 0.9 1.3 
1.7x10'6 0.9 2.7 
6.1~10'~ 0.5 1.3 

carry a charge q;, they do contribute to the conduction 
process according to 

j ;  = q,@, (7) 

where j; denotes the current density contribution of par- 
ticles of type i. The conductivity in the region of the 
energy well caused by particles of type i can now be com- 
puted by 

(8) 
32 

U1,lOC = - 
Eloc 

The total conductivity of the medium in the region of 
the energy well can be found by considering that every 
kind of particle and therefore every conduction process 
contributes simultaneously to the conduction. The total 
conductivity, according to this model is therefore given 
by 

Uloc = c(Ti,ioc 
1 

1 = - x 
E l o c  , (9) 

Two simplifications can be made. At first, if we are only 
interested in the conductivity of the medium on a macro- 
scopic scale, we can state that 

E l o c  = E (10) 

Secondly, because we do not know the different conduc- 
tion processes which take place, we consider the sum of 
all conduction processes to be the net result of one virtual 
conduction process only, 

c w i  = W O  

c q i = q  
(11) 

a 

i 

C H ; = H  
2 

These two simplifications lead to the modified conduction 
formula 

U = - - -  exp [-$] x 
27r E I ,  "\ 

In the symmetric case, = 1/2, the formula reduces in 

cT=- exp [-;I sinh [g] (13) 7FE 

whereas for the asymmetric case, /3 = 1, we find 

and for the asymmetric case, P = 0, we end up with 

U=-  exp [ - &] { exp [ g] - 1} (15) 2 x E  

3. RESULTS A N D  DISCUSSION 
The conductivity has been computed for three types 

of insulation (Table 1) with the empirical (1) and the 
theoretical Equations (13) ,  (14) and (15). The three in- 
sulation types are described in the caption of Table 1. 
All mentioned empirical and theoretical equations use 
constants. The empirical one uses CO, a, p and the the- 
oretical ones use No, b, q ,  W O  and H .  A mean charge q 
of one electron charge e is assumed as a representative 
charge for the whole conduction process. The attempt- 
to-escape frequency W O  is hard to measure directly, but 
varies from 10" to according to [IO, 111. Here a 
value of 10l2 is taken. For the remaining constants, da- 
ta  from Table 1 have been used. These data have been 
found by an iterative process using the asymmetric con- 
duction Equation (15). 

Figure 3 shows the conductivity data computed for 
insulation types 1 and 2. Comparison of the curves, 
computed with both the theoretical (15) and the em- 
pirical formula ( l),  shows an astonishing similarity. The 
values for temperature and stress reflect actual service 
conditions. The maximum deviation of the theoretical 
Equation (15) from the empirical one is never > 60% 
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Figure 3. 

(a) Comparison between empirical and theoretical curves. The Figure shows the stress dependency 
at different temperatures (80% for the upper curve, 0% for the lower one). Here data from Table 1 
insulation type 1 are taken. (b) Temperature dependency at different stresses (90 kV/mm for the 
upper curve, 1 kV/mm for the lower one). Here data from Table 1 insulation type 1 are taken. (c) 
Stress dependency at different temperatures (80’C for the upper curve, 0% for the lower one). Here 
data from Table 1 insulation type 2 are taken. (d) Temperature dependency at different stresses. 
Here data from Table 1 insulation type 2 are taken. 

in the whole range of 7 decades. The similarity of da- 
ta is reached while varying in two dimensions (field E 
and temperature T) and by using just one set of values 
for the parameters NO, b and H. This similarity in da- 
ta makes it most likely that the electrical conduction in 
mass impregnated paper is of the ionic kind. The num- 

tion Equation (13) roughly requires a doubling of the 
mean distance between two equilibrium points b to arrive 
at  similarity of data. However, using (13) ends up with a 
higher deviation in the low field region (< 15 kV/mm). 
Still the deviation is never > 60% over the whole range 
of 7 decades. 

Comparison of the empirical Equation (1) with the 
asymmetric conduction Equation (14) gives no reason- 
able match of empirical and theoretical data. The same 

bers for NO, b and H (Table 1) are in good agreement 
with those found by other authors [12]. Comparison of 
the empirical Equation (1) with the symmetric conduc- 
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procedure has been followed using other theoretical for- 
mulas of well known conduction processes as the Poole- 
Frenkel model, the modified Poole-Frenkel model and 
Schottky emission [14]. None of these formulas, however, 
resulted in the similarity using just one set of parameters 
while varying field E and temperature T. 

The effect of using another value of the attempt-to- 
escape frequency W O  or the charge q is directly reflected 
in the parameter No. For instance, a doubling of W O  

requires a halving of NO. 
If the empirical constant CY is changed, only the theo- 

retical constants H and N have to be changed to arrive 
at the same similarity of the results (compare insulation 
types 1 and 3 from Table 1). However, if empirical con- 
stant y is changed, only the theoretical constant b has to 
be changed to obtain similarity (compare insulation types 
1 and 2 from Table 1). It can therefore be concluded that, 
according to the conduction model here proposed, stress 
dependency is ruled by the mean distance between two 
equilibrium points, whereas the temperature dependen- 
cy is governed by the mean depth of the potential energy 
well. The higher the stress dependency, the larger the 
distance between two equilibrium points and the high- 
er the temperature dependency, the higher the potential 
energy well. 

@ 0 oil 

Figure 4. 
Traveling ions through a paper pore. 

Various authors mention different conduction mech- 
anisms that may be responsible for ionic conduction. 
In the following a selection is made from these theories 
which are supposed to be valid for industrial mass im- 
pregnated paper. The impregnated paper will be treated 
here as a homogeneous insulation and not as a composite. 
1. There are many examples of contamination which take 

place in an industrial insulation such as mass impreg- 
nated paper. To mention a few: dissolution of its own 
oxidation products, dissolution of metal, dissolution of 
additives like antioxidant, inhibitor, antistatic agent, 
pour point depressant, etc. to meet practical require- 
ments. Differences in concentration of the additives 

highly affect the conductivity [12,13]. A possible ex- 
planation is that these additives dissociate to form 
ions and take part in the conduction process. These 
ions can be caught in potential energy wells formed 
by large polymer molecules. The distance b could rep- 
resent here the mean distance between the sites at 
polymer molecules where an ion can be caught. 

2. Molecules with electron affinity can be present in the 
insulation. When these molecules are in the vicinity 
of polymer molecules, they can take away an electron 
[14]. Their presence facilitates electron transfer from 
polymer to molecule. The transferred electron can be 
retained by the molecule and move as a stable nega- 
tive ion until it is transferred back to another polymer 
molecule. The distance b is explained as under 1. 

3. Electrons, ions and other byproducts are the result of 
partial discharges inside the insulation. The authors 
and [17] suggest that they can act as charge carriers 
and take part in the conduction process as under 1 
and 2. 

4. The oil in mass impregnated paper is much more con- 
ductive than the paper [18]. It follows that the con- 
duction current proceeds mainly in the oil phase along 
the pores in the impregnated paper. According to [15], 
the pores of the paper fix a large amount of ions of 
both signs, with one sign dominating. This results 
in a net charge on the surface of the pores. Ions of 
the same sign, which take part in the conduction pro- 
cess, experience an electrostatic repulsion force while 
traveling through the pores (Figure 4). The repulsion 
forces can be described by the potential energy wells. 
The distance b would represent here the mean distance 
between two centers of electrostatic repulsion forces. 

5. Any combination of 1 to 4 can occur, this in agreement 
with Equation (10). 

4. CONCLUSIONS 
model based on physical considerations has been pro- A posed describing ionic conduction in mass impreg- 

nated paper. This model takes into account the temper- 
ature and stress dependency of the insulation. A com- 
parison has been made with the widely used empirical 
formula for mass impregnated paper. Computed data 
from the empirical and the physical based formula show 
an astonishing similarity over a wide range of tempera- 
tures and stresses, reflecting the actual service conditions 
of HVDC cables. This similarity of data makes it most 
likely that the main process of conduction in mass im- 
pregnated paper is of the ionic kind. 

A link between the constants in the empirical formu- 
la and the constants in the theoretical formula has been 
made. Data for the carrier density, the distance between 
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equilibrium points and the mean height of potential en- 
ergy wells have been given. The data apply to mass im- 
pregnated paper insulation. 

Finally, some possible ionic conduction mechanisms, 
which are likely to happen in industrial mass impregnat- 
ed paper, are mentioned. 
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