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 Abstract—High-voltage cables with paper-oil based insulation 

are still widely used in electric power systems. One issue with 
EMTP-type modeling and simulation of such cables is that the 
permittivity of the insulation is frequency-dependent, thereby 
contributing to the dispersion of traveling waves. This frequency 
dependency is not taken into account in currently available 
EMTP-type programs. This paper presents field measurements 
from step voltage excitations on three different oil-filled cables 
with steel armoring. The waveforms are compared to EMTP-type 
simulations, demonstrating significant deviations from the 
measured waveforms. The frequency-dependency of the 
permittivity is next taken into account using a formula obtained 
by Breien and Johansen, and the modeling and simulation 
procedure is repeated. Inclusion of the frequency-dependency is 
shown to bring the simulation results much closer to the 
measured waveforms.  
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I.  INTRODUCTION 
NDERGROUND cables are in EMTP-type simulation 
programs [1] modeled as a set of tubular conductive 

shells that are separated by lossless insulation. The per-unit-
length (p.u.l.) series impedance is calculated via analytical 
formulae which consider the frequency-dependent skin effects 
in conductors and earth [2]. The shunt admittance is calculated 
analytically by considering the insulation material as lossless 
with a given relative permittivity. The p.u.l. parameters are 
used as input for generating parameters for frequency-
dependent traveling wave models in the time domain, e.g. 
FDQ [3] or the Universal Line Model (ULM) [4].  

 In reality, also the insulation material can exhibit frequency 
dependent behavior due to relaxation mechanisms. While the 
permittivity of XLPE insulation remains frequency 
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independent up to very high frequencies, the permittivity of 
paper-oil insulation is significantly frequency-dependent at 
frequencies considered in lightning and switching 
overvoltages,  i.e. below 1 MHz. This frequency-dependency 
was quantified in [5] and demonstrated to significantly 
contribute to the attenuation and dispersion of short pulses on 
long cables. The reason for the dispersion is that the 
propagation speed of the coaxial wave becomes more 
frequency-dependent.  

In this paper we seek to clarify whether the frequency-
dependency of [5] is applicable to other cables, for use in 
overvoltages studies. For that purpose we have performed 
measurement of sending end step voltage current responses on 
three different oil-filled cables installed in a regional 132 kV 
system. The cables have similar design but different cross-
sectional area (95 mm2, 120 mm2, 400 mm2) and length 
(1800 m, 2168 m). The measurements are compared to time-
domain simulations. Since available EMTP-tool do not allow 
to enter a frequency-dependent permittivity, we coded the 
whole procedure in Matlab, from impedance and admittance 
computations to parameter conversion for ULM, and time 
domain simulation. Using the Matlab-based tool, we perform a 
direct comparison of the cable sending end current and assess 
the effect of taking the permittivity frequency dependency into 
account.   

II.  SERIES IMPEDANCE CALCULATIONS  
The cable has one core (phase conductor), one metallic 

screen (lead) and two steel armor layers (inner steel tape and 
outer wire armor). The following outlines the procedure by 
Wedepohl for calculating the (4×4) impedance matrix of four 
coaxially arranged conductors (shells), see Fig. 1.   
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Fig. 1.  Loop quantities and phase quantities along a short distance dx.  
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The voltage drop in terms of loop quantities is  
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with 
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In (3), Zi
out, Zi

in, and Zi
t denotes respectively the outer and 

inner surface impedances of the ith shell, and the transfer 
impedance. Zij

ext is the external impedance associated with the 
space between the ith and jth shell, with j=i+1. The 
computation of these partial impedances is given in [2].  

The relation between loop quantities and phase quantities is 
given by (4) and (5) with T given by (6). 
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Combining (4) and (5) with (1) gives for the impedance in 
phase quantities 
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Since we in the field measurement are considering high 
frequencies only, we do not need to consider the mutual 
coupling between the cables as the screen and armoring 
prevents magnetic flux to penetrate the sea.  

 

III.  SHUNT CAPACITANCE CALCULATIONS 
The capacitance in terms of loop quantities  
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where Yloop is diagonal with entries 

 [ ]( )loop a b c ddiag Y Y Y Y=Y  (10) 

The ith entry in (10) is the shunt admittance between shells 
i and i+1. Combining (4) and (5) with (9) gives for the 
admittance in phase quantities 
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with 
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IV.  FREQUENCY-DEPENDENT PERMITTIVITY 
Breien and Johansen have obtained the frequency 

dependency of oil-impregnated paper from measurements [5]. 
This frequency dependency is given as  
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Fig. 2.  Permittivity as function of frequency [5].  
 
In our case, the capacitance of the main insulation was 

measured at 50 Hz, allowing to compute the permittivity at 
50 Hz as 
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where r1 and r2 are the conductor outer radius and metallic 
screen inner radius, respectively. The permittivity to be used is 
then calculated by simple scaling  
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and the shunt admittance for (10) becomes 
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V.  CABLE DATA 

Tables I-III describes the data for three cables as used in the 
modeling. All cable conductors are modeled as a massive 
conductor with the conductivity adjusted to give the DC 
resistance stated in the technical data sheet, given the lack of 
information about the oil-channel in the conductor center. The 
values used for the armoring conductivity and in particular the 
permeability are subject to significant uncertainty; however the 
simulation results are not sensitive to these data as will later be 
shown in Section VI-B. We have assumed a separation 
distance of 1 mm between the lead screen and the inner armor, 
and 2 mm between the inner armor and the outer armor.  
 

TABLE I: 95 mm2 cable data used in simulations (20 °C) 

Item R [mm] t[mm] σ [S/m] µr 
Conductor 9.6  18.7E6 1 
Insulation  14.5  1 

Lead sheath  3.2 4.6E6 1 
Tape armor  0.5 5.6E6 10 
Wire armor  5.6 5.6E6 10 

 

TABLE II: 120 mm2 cable data used in simulations (20 °C) 

Item R [mm] t[mm] σ [S/m] µr 
Conductor 8.05  32.11E6 1 
Insulation  12.5  1 

Lead sheath  2.2 4.55E6 1 
Tape armor  0.4 5.6E6 10 
Wire armor  5.6 4.4E6 10 

 
TABLE III: 400 mm2 cable data used in simulations (20 °C) 

Item R [mm] t[mm] σ [S/m] µr 
Conductor 13.15  39.2E6 1 
Insulation  11.5  1 

Lead sheath  2.3 4.6E6 1 
Tape armor  0.4 5.6E6 10 
Wire armor  5.0 4.4E6 10 

 
In all calculations, the conductivities are recomputed for 

5°C by (17) with α=0.004 and ρ being the resistivity.  

 @ 20 (1 ( 20))C Tρ ρ α= + −  (17) 

The capacitance of the three cables was measured at 50 Hz, 
see Table IV. The cable lengths are listed in Table V.     

 
TABLE IV: Measured capacitance 

Cable 95 mm2 120 mm2 400 mm2 

C [nF/km] 219 217 321 

 

TABLE V: Cable length 

Cable 95 mm2 120 mm2 400 mm2 

Length [m] 1800 1800 2168 

VI.  MODEL VALIDATION 

A.  Validation for 120 mm2 Cable Against PSCAD 
After calculating the per-unit-length impedance and shunt 

admittance using the procedure in Section IV, we calculate 
parameters for the Universal Line Model (ULM) via rational 
functions and employ it in an EMTP-type simulation in 
Matlab. In order to validate the Matlab-based tool we have 
made a direct comparison with a simulation using PSCAD for 
the 120 mm2 cable when ignoring the frequency-dependency 
of the main insulation. The test conditions are shown in Fig. 3.  
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Fig. 3.  Unit step voltage application to cable. 

 
Figs. 4 and 5 show the simulated waveforms of the 

receiving end voltage and sending end currents, respectively. 
An excellent agreement is achieved, which is not surprising 
since the Wedepohl formulae are also used by PSCAD.   

 
Fig. 4.  Matlab vs. PSCAD simulation: Sending end current response 

 

Fig. 5.  Matlab vs. PSCAD simulation: Receiving end voltage response. 
1: conductor, 2: screen, 3: inner armor, 4: outer armor. 



B.  Sensitivity Analysis 
One major uncertainty is the modeling of the armoring, in 

particular the permeability to be used. To add to the 
uncertainty, the armoring may be corroded. Fig. 6 shows that 
the simulated current wave form of the conductor at the 
sending end (which is the quantity to be studied) is only 
weakly sensitive to the assumed armor permeability.  

 
Fig. 6.  Sensitivity of sending end conductor current to steel permeability. 

VII.  COMPARISON WITH FIELD MEASUREMENTS 

A.  Measurement Setup 
A function generator was used for producing a step voltage 

signal, which was fed into a wide-band amplifier with a low-
impedance output. The output signal is fed to the cable end via 
a coaxial cable as shown in Fig. 7. This setup gives a stiff 
voltage with a steep wave front. One of the cable termination 
houses is shown in Fig. 8.  
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Fig. 7.  Connecting the measurement equipment to the cable. 

 
Fig. 8.  Cable termination house.  

B.  120 mm2 Cable 
Fig. 9 shows the measurement of applied voltage wave form 

on the sending end of the 120 mm2 cable. This voltage is used 
in a time domain simulation as an ideal voltage source and 
applied to the cable model. Fig. 9 also shows the simulated 
voltage wave form on the cable receiving end, when the 
permittivity frequency dependency is either ignored or taken 
into account. This frequency dependency is seen to have a 
quite noticeable effect on the waveform.   

Fig. 10 compares the measured sending end current with 
that by the simulation. Taking the insulation frequency 
dependency into account gives much smoother waveforms. 
This is better seen in the expanded view in Fig 11 where the 
measurement has been shifted 4 µs in time to eliminate the 
phase shift. Clearly, the shape of simulated current agrees 
much closer with that of the measured current when taking the 
permittivity frequency dependency into account.  The original 
saw tooth-like wave shape becomes smoother as the wave 
front is smeared out due to dispersion. 

 

Fig. 9.  Applied (measured) voltage and simulation of receiving end voltages.  

 

Fig. 10.  Sending end conductor current: Measured and simulated. 



 
Fig. 11.  Sending end conductor current. Close-up. Measurement shifted 4 µs. 

C.  95 mm2 Cable 
The same procedure was repeated for the 95 mm2 cable, see 

Figs. 12 and 13. As before, the simulated waveform agrees 
much closer with the measured one when taking the frequency 
dependency of the permittivity into account.   

 
Fig. 12.  Sending end conductor current: Measured and simulated. 

 
Fig. 13. Sending end conductor current.  Close-up. Measurement shifted 4 µs. 

 

 

 

 

 

D.  400 mm2 Cable 
Also for the 400 mm2 cable we reach the same conclusion: 

Taking the permittivity frequency dependency into account 
gives a more correct wave shape as compared to the 
measurement, see Figs. 14 and 15.   

 
Fig. 14.  Sending end conductor current: Measured and simulated. 

 
Fig. 15.  Sending end conductor current: Close-up. Measurement shifted 5 µs. 

VIII.  DISCUSSION 
In all simulations, the dominating frequency is slightly 

higher than in the measurement. This deviation is not 
surprising since the result is strongly dependent on the distance 
between the core conductor and the lead sheath. The insulation 
thickness used in the calculations was that from the cable data 
sheet. However, the actual thickness may be higher as the one 
in the data sheet is possibly a guaranteed minimum thickness. 
Figs. 16 and 17 show the result of increasing the insulation 
thickness by 1 mm while adjusting permittivity to retain the 
original capacitance value. The increased inductance is seen to 
give a nearly perfect agreement with the measurements, for the 
entire time window.  

The good agreement reached in all tests may indicate that 
the formula by Breien and Johansen is valid for oil-filled 
cables in general. This is not necessarily true since all cables 
were of similar design and from the same manufacturer. The 
same manufacturer also provided test samples for the study by 
Breien and Johansen. New measurement on cables by a 
different manufacturer should therefore be carried out to reach 
more firm conclusions.       



All measurements were performed at a vey low voltage 
compared to the actual operating conditions, which may 
impact the behavior of the steel armoring. However, it was 
shown in Section VI-B that the simulated sending end current 
on the phase conductor is not sensitive to the assumed value of 
the steel permeability.    

The reason for the dispersion effect is mainly that the 
frequency-dependent permittivity makes the propagation 
velocity more frequency-dependent at high frequencies, see 
Fig. 18. As as result, the high-frequency components travel 
faster than the lower frequency components, leading to a 
deflation of the wavefronts.   

 
Fig. 16.  Sending end conductor current for 120 mm2 cable when increasing 

insulation thickness by 1 mm.  

 
Fig. 17.  Sending end conductor current.  Close-up of Fig. 16.  

 

Fig. 18.  Propagation velocity.  

IX.  CONCLUSIONS  
This paper compares cable sending end currents against 

measured waveforms for three different oil-filled cables where 
one cable end is subjected to a step voltage excitation.  It is 
shown that taking the frequency dependency of the permittivity 
into account by the Breien-Johansen formula greatly improves 
the accuracy of the simulation. The formula should be made 
available in EMTP-type simulation programs as a user-
requested feature.  
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