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The propagation modes of travelling wave in a three-
core power cable (XLPE or PILC) with common earth 
screen can be uncoupled into three modes: one shield to 
phase (SP) mode and two phase to phase (PP) modes. A 
generic model approach is applied in this paper to 
estimate the transmission line parameters of three-core 
cables with common earth screen, which includes the 
effect of different layers on series impedance and 
admittance. The characteristic impedance, the 
propagation velocity and the attenuation for SP and PP 
modes of two cable types, PILC and XLPE are modeled 
and compared with test results. Calculated parameters 
match within 5% for the characteristic impedances of 
different modes and 5% for the velocity for the PILC 
cable. Larger deviations occurred for XLPE cable, due 
to difficulties in appropriate modeling the 
semiconducting insulation screens around each 
conductor. The attenuation for both PILC and XLPE is
hard to predict because data on complex permittivity,
being the dominant factor, is hardly known. 

High frequency signals, e.g. coming from partial 
discharges (PDs), behave as travelling waves when they 
propagate along power cables. For three-core power 
cable with common earth screen, three uncoupled 
propagation modes are observed: one shield to phase 
(SP) mode and two equaled phase to phase (PP) modes
[1,2]. A mathematical model based on references [3,4] 
is investigated to estimate the transmission line 
parameters (characteristic impedance, propagation 
velocity and attenuation) of both PILC and XLPE three-
core cables for the different modes. The approach in 
[3,4] can incorporate different parallel layers in both 
earth screen and inner conductor (e.g. semi-conducting 
layer) for the calculation. However, it is strictly only
valid for cylindrical symmetric configurations. The 
presented modeling aims to investigate the accuracy 
when “effective” parameters are introduced for the 
essentially not rotational symmetric PILC or XLPE 3-
phase cables.  
This paper is organized as follows: section 2 gives an 
overview of the mathematical model; section 3 utilizes 
the model for PILC cable and compares the model with 
test result; section 4 applies the model to XLPE cable.

This section gives an overview of the model to calculate 
the transmission line parameters of three-core cables.
The impedance and admittance are defined based on the 
telegraph equation.
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where and are vectors of the voltages and currents 
along a cable at distance . and are square 
matrices of the impedance and admittance. For SP and 
PP modes of three-core cables, the impedance and 
admittance will reduce to 3×3 matrices [1].
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The subscript “s” indicates self-impedance/admittance 
and “m” refers to mutual impedance/admittance. The 
parameters of SP and PP modes can be expressed as [5]:
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The impedance and admittance can be expressed with 
geometric and material parameters as [3]:

(4) 
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where is the square matrix of “potential coefficients” 
[3]; the subscript “i” relates to single core (SC) cable 
internal part; “p” relates to earth screen internal part; “c” 
indicates the part between inner and outer surface of 
earth screen (the mutual effect between inner and outer
surface of the screen); “o” is for the earth return path. 
For SP and PP modes considered in this paper, the earth 
return path is not relevant. Thus impedance and 
potential coefficient with subscript “o” are eliminated 
from the model. Furthermore, infinite thickness of the 
earth screen is assumed [3]. Thus impedance and 
potential coefficient with subscript “c” are also omitted 
in the model. In the appendix detailed formulas of and 

 are given, which have been derived for cylindrical 
symmetric situations. 
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In order to verify the model, transmission line 
parameters measurement based on pulse injection and 
reflection as proposed in [1] was performed for a 
12.5kV/12.5kV 3×95mm2 PILC cable. The schematic of 
the cable is shown in Fig. 1. The dimensions and 
material data are provided in Table 1. 

Schematic cross-section of PILC cable

parameters of PILC cable

p r1 (mm) dk (mm) rp1 (mm)
1.68×10 8 2.20×10 8 6.5 10.4 20.7

p [6]
3.5-0.1j

As a first approach r1 (effective radius of conductor) is 
taken half the average of dx and dy; dk is half of rp1

(radius of the insulation). The measured and modeled 
characteristic impedance, propagation velocity, 
attenuation for both PP and SP mode are compared in 
Fig. 2, where legends with “1” indicate this approach. 
The characteristic impedance systematically deviates 
10% for PP and 13% for SP mode. Deviation is due to 
non-cylindrical shape of the conductor and its 
positioning. Velocity and attenuation relate mainly to 
the characteristics of the dielectric material, in particular
the value of the complex permittivity. Deviation of 
velocity is within 5% and 30% for attenuation. The 
latter deviation is related to the assumed values of the 
imaginary part of the permittivity. To improve the 
accuracy of the predicted characteristic impedance, r1

and dk are optimized to match the measured values. 
With r1 6.2 mm and dk 11.4 mm, best fitting of 
impedance is achieved. The measured characteristic 
impedances vary within 5% and 6% for the PP and the 
SP mode, respectively. Results are indicated with “2” in 
the legends in Fig. 2. The velocity mainly depends on 
the real permittivity of the insulation which is unaltered, 
giving rise to approximately equal values for both 
propagation modes independent of the electrode 
configuration. The minor change in attenuation suggests 
that the geometry does not affect much this parameter 
and simulation shows that major contribution to 
attenuation is related to dielectric losses.

For the cable shown in Fig. 3 (10 kV XLPE), r1 is the 
conductor radius; r2 is the radius of the conductor 
screen; r3 is the radius of the insulation; r4 is the radius 
of the insulation screen; rp1 is the radius of inner 
swelling tape; rp2 is the radius of inner earth screen 

consisting of copper wires; rp3 is the inside radius of 
outer jacket; rp4 is the outside radius of the outer jacket.

Comparison of characteristic impedance, propagation 
velocity, attenuation for PP and SP mode of PILC cable; “1” 
applies to the results with parameter values from Table 1; “2” 
indicates the modeled results with modified r1 and dk

parameters of XLPE cable
) p r1 (mm) r2 (mm)

2.82×10 8 1.68×10 8 8.6 9.4
r4 (mm) dk (mm) rp1 (mm)
14 16.1 29.5

ins semi [7] r3 (mm) rp2 (mm)
2.26 1000 12.8 30.5

Schematic cross-section of XLPE cable
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Since XLPE cable includes a semi-conducting
conductor screen and an insulation screen, the model
from the PILC cable will be adjusted to incorporate 
these layers. For the impedance, only the conductor 
screen can be incorporated into the conductor according 
to the methodology in [8]. For case of ease, the 
insulation screen is regarded as part of the insulation. 
For the potential coefficient, the conductor screen is 
treated separately while the insulation screen is included 
in the insulation by adjusting the insulation permittivity 
[7]. Because of the shielding effect of the semi-
conducting insulation screen, which is referred to as 
pipe internal potential coefficient matrix (potential 
coefficient between different inner conductors with 
respect to the common earth screen) [3], is zero. 
The measured and modeled characteristic impedance, 
propagation velocity, attenuation for both PP and SP 
mode are compared in Fig. 4. Modeled results are 
comparable with the conformal mapping approach in 
[5]. The comparison is shown up to 7 MHz since the 
measured results above this are not reliable due to the 
lack of energy in the reflected pulses at high frequencies
(the chosen pulse has a pulse width of 100 ns [5]). The 
deviations of the measured and simulated characteristic 
impedances are 5% and 24% (about 1.7 difference) 
for the SP and PP mode, respectively. SP mode velocity 
deviates about 17% and PP mode 8%. Attenuation 
calculation is not reliable. The difficulty to include 
semi-conducting layers, especially the insulation screen 
in the model could be the cause for the larger error 
compared with PILC. Furthermore, the large deviations 
suggest that in this specific situation the modeling 
approach has its limitations. Basically, the admittance is 
mainly related to each individual conductor and its 
insulation screen whereas the series impedance is 
related to the phases with respect to the outer earth 
screen or to two phases with respect to each other. 
Introducing effective parameters for the dimensions, as 
was done for the PILC configuration, would be quite 
artificial and is not attempted here.  

A generic approach is evaluated to model the
characteristic impedance, propagation velocity, 
attenuation for PP and SP mode of two different three-
phase cable configurations: PILC and XLPE cable. For 
PILC, the measured characteristic impedance varied 
within 5% of the simulated value applying an effective
conductor radius. The velocity was reproduced within 5% 
accuracy, since it is mainly determined by the known 
real part of the permittivity. The attenuation, although 
its effect on both series impedance and admittance is 
accounted for, always suffer from lack of knowledge of 
the imaginary part of permittivity in practice. The 
frequency dependent permittivity is kept as constant in 
this paper, but to be accurate its value should be fitted to 
match experimental results. For XLPE, due to more 
complex structure, especially relating to the semi-
conducting material, estimations are generally worse 

compared with PILC. The SP mode characteristic
impedance deviates 5% and around 1.7 for PP mode. 
The velocity deviates about 10 m/ for PP mode and 
20 m/ for SP mode. Modeled attenuation 
characteristics are far from reliable. 

Comparison of characteristic impedance, propagation 
velocity, attenuation for both PP and SP mode for XLPE cable

Detailed analysis based on references [3,4] are given for 
both PILC and XLPE impedance and potential 
coefficients.
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where is the resistivity of the conductor; i is the 
permeability for SC cable insulation permeability. x is 

relating to the skin depth and ; I0,1 are

the zero and first order modified Bessel function of the 
first kind and K0,1 are the zero and first order modified 
Bessel function of the second kind; r2 is the radius of 
the SC cable insulation. For the three-core PILC cable 
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with common earth screen, r2 = r1. Thus, the second 
item of Z i1 becomes zero.
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For the potential coefficient:
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where j is the permittivity of the insulation for an SC 
cable. Since r2=r1. becomes a zero matrix. 
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Because of the different structure of the XLPE cable, 
the formulas differ from those for the PILC cable.

(14) 

 (15) 

where z1 is the core impedance incorporating conductor 
screen; refer to reference [8,9] for detailed formulas. 
Compared with (6) and (7), the parameters in (15) have 
the same meaning as for PILC. 
For the potential coefficient:
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