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Abstract: The market of HV/EHV cables needs more and more cables with very high 
ampacity respectively conductors with large cross sections. Furthermore, cable conductor 
designs with low impact of skin effect become indispensable to minimize additional losses 
caused by the conductor AC resistance and/or to reduce the conductor cross section.  
The measurement of the skin effect or AC resistance is difficult to apply on full size cables 
under practical conditions. At the moment, the relevant standard IEC 60228 gives no 
advice how to properly perform AC resistance measurements. To utilize the full abilities of 
reduced skin effect conductors and to ensure the quality during production well defined 
measuring techniques are needed, which should be easy to apply and deliver accurate as 
well as reproducible results. 
This paper proposes an advanced but easy to handle measurement procedure to 
determine the AC resistance of conductors with large cross sections on production 
lengths of power cables. 
 

 
1 INTRODUCTION 

The skin effect of large conductor cross sections 
needed for high ampacity power cables leads to 
undesirable increase  of AC losses. To minimize 
the skin effect and hence AC losses, Milliken 
conductors and single-insulated wires are used 
(reduced skin effect conductors). The actual final 
drafts of the international standards IEC 62067 and 
IEC 60840 require, that the value of a.c resistance, 
if measures have been taken to reduce skin effect, 
shall be known or declared. These standards do 
not specify any particular measurement procedure 
how to determine the AC resistance. In 
consequence, measurement procedures vary and 
comparability and accuracy of results is difficult to 
verify. 
 
To utilize the full abilities of reduced skin effect 
conductors and to ensure the quality during 
production new measuring techniques are needed, 
which are both, easy to handle and good in 
accuracy.  
 
In this paper the authors propose a new 
measurement procedure to determine the AC 
resistance of cable conductors with large cross 
sections. First of all, these measurements are 
usually performed on complete production lengths 
(cable drums) to minimize parasitic end effects. 
Furthermore, a high-accuracy vectorial voltage-
current measurement system is applied to 
determine the AC resistance. By using the cable 
screen as the current return path, the current flow 
is perfectly coaxial preventing from cable-external 
magnetic field. Thereby, any proximity effect by the 
parallel conductors is eliminated. 
 

2 AC RESISTANCE OF CONDUCTORS 

The current rating of AC cables depends on the AC 
resistance of the conductor. The AC resistance 
RAC is higher than the DC resistance RDC due to 
the skin effect. The skin effect is based on the 
behaviour of the eddy current depth depending on 

frequency f, conductivity σ and permittivity µ and 

causes eddy current losses δ. 
 

  (1) 
 
These AC losses, caused by the skin effect, can be 
reduced by the use of optimized conductors e.g. so 
called Milliken conductors having insulated 
conductor strands, oxidized or enamelled wires. 
Further more the construction of conductors in 
terms design, stranding direction of the segments 
and special manufacturing details are of great 
importance optimizing conductors in order to 
reduce AC losses [4-30]. 
The formulae to determine the AC resistance from 
the DC resistance are given in international 
standard 60287-1-1 [1]. They were extended to 
segmental conductors, introducing empirical 
coefficients from measurements performed on 
1600mm² 4 segments oil-filled cables. For practical 
reason the physical behaviour is normative 
described by a so called skin effect factor ys.  
 

  (2) 
 
The formulae represent approximations of Bessel’s 
functions and solving Maxwell’s equation in solid 
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round conductors. Formula (2) is valid in a range of 
0 < xs < 2.8. The above formula is accurate 
providing xs does not exceed 2.8: 
 

  (3). 
 
Values for the ks factor are given in Table 2 of the 
standard IEC 60287-1-1 [1]. 
For solid conductors with a circular cross section 
the skin effect factor ys can exactly be calculated. 
The solution provides a ks factor of 1 for solid 
conductors. Other ks factors represent measures in 
order to reduce the skin effect.  
 

 
 
Figure1: Transmission capacity for different 
conductor cross sections depending on ks factor: 

• 50Hz 

• 50W/m conductor losses 

• 400kV system voltage 
 

The ks factor becomes zero for f=0 representing 
DC current conditions.  
To know the AC losses is of great importance to 
calculate the ampacity respectively the current 
rating for cable systems in terms of the conductor 
cross section.  
The development of the AC resistance in 
dependence of the ks factor for different conductor 
cross sections is calculated, based on the values 
given in IEC 60228 [2].  
These considerations show that the larger the 
conductor the higher is the potential for efficient 
measures in terms of skin effect reduction. 
The general behaviour is shown in figure 1. The 
reduction of skin-effect leads to loss reduction. 
 
In former times the formulae (2) and (3) in IEC 
60287 were applicable to the majority of practical 
cases, but in the meantime it was required to adapt 
these formulae for the increasing demand for 
HV/EHV cables having cross sections >1600mm

2
.  

In this context a CIGRE Working Group (WG 
B1.03) was engaged in cable conductor cross-
sections larger than 1600 mm² and published the 
results in a brochure [25]. In this brochure, general 
formulae are proposed for calculating the AC 
resistance of segmental large cross sections. 
But, due to the complexity of an accurate 
computation, a measurement of the AC resistance 

was recommended by WG B1.03. Nevertheless 
WG B1.03 has estimated some ks factors shown in 
table 1. 
 
Table 1: Some ks factors estimated by WG B1.03 
 

conductor construction 
ks 

factor 

copper enamelled wires and aluminium wires 0.25 

copper oxidised wires 0.35 
inter layer insulated copper 0.5 
uni-directional stranding of copper bare wires 0.62 

bi-directional stranding of copper bare wires 0.8 

 
Finally from the current cause the final drafts of 
international standards of IEC 60267 und IEC 
60840 should be mentioned [3;4]. These drafts 
state in terms of the cable characteristics, that 
presence, if any, and nature of measures taken to 
reduce skin effect shall be known or declared. But 
the IEC standards does not give any advice how to 
verify these special cable characteristics by a 
suited measurement procedure. In consequence, 
numerous variations of non-standard calculation as 
well as measurement procedures are applied, most 
of them too complex to be generally applied for 
screening or routine testing. 
This new requirement of above mentioned 
standards means, that that accurate, reproducible 
and easy AC resistance measurements have to be 
performed in order to verify cable characteristics 
for their declaration. 
 
 
3 MEASUREMENT OF THE AC RESISTANCE 

Conventional measurements of the AC resistance 
are performed at line frequency only (50 or 60 Hz), 
taking no advantage from the well-known 
frequency-dependency of the skin effect.  But with 
variable frequency it becomes possible to fit the 
measured AC resistance data (as a function of AC 
frequency) to the analytical skin effect function by 
parameter identification, resulting in a precise 
estimate of the ks factor.  
 
The new procedure provides a 'built-in' self-check 
to verify the results: extrapolating the identified 
curve for f → 0 should deliver the DC resistance of 
the conductor, which can be easily cross-checked 
by DC resistance measurement. 
 
Furthermore, the suggested measurement 
equipment shows a high sensitivity. Thus, the 
measurements can be performed with low current 
magnitude (e.g. 0.2% of rated current) excluding 
any thermal effects and so enabling the use of low 
power AC current sources.  Any distortion by line 
frequency are easily suppressed by avoiding line 
frequency and use instead the identified ks factor. 
 

2 
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There are a different measurement methods 
available to perform AC resistance measurements 
[25].  
1. Electric methods: 

• Measurement of conductor AC resistance 
using the sheath as the return conductor 

• Measurement of AC resistance using an 
AC bridge with a current transformer 

• Special methods that could be used to 
obtain higher accuracy by compensation 

2. Thermal measurement methods 
 
This paper proposes an advanced but still easy to 
handle measurement procedure to determine the 
AC resistance of cable conductors with large cross 
sections by measurement of conductor AC 
resistance using the sheath as the return 
conductor [24].  
The method eliminates any proximity effect due to 
possible interaction of magnetic fields produced by 
currents flowing in other conductors. The coaxial 
arrangement prevents from measurement error 
due to induced voltages in the leads used to carry 
out the measurements. The principle is shown in 
figure 2. 
It can be assumed, that an important influence on 
the repeatability of AC resistance measurements is 
the connection to inject the AC test current into the 
conductor.  
The influence of this effect is under consideration. 
In order to minimize such parasitic effects, the 
measurements should be performed on complete 
production lengths on cable drums as shown in 
figure 2 and 3. 
 

 
Figure 2: Set up for AC resistance measurement:  
using the sheath as the return conductor 
 
The used procedure is based on high-accuracy 
vectorial voltage-current measurement. By 
performing the AC resistance measurement with 
variable frequency it becomes possible to self-
check the measurement data with data from 
calculations and so to verify the results. 

Conventional measurements of the AC resistance 
are performed at line frequency only (50 or 60 Hz), 
taking no advantage from the well-known 
frequency-dependency of the skin effect. Besides 
self-check capability, variable frequency 
measurements enable integral estimation of the ks- 
factor, minimizing the measurement error 
compared to single-frequency testing. 
 
Measurements with a frequency close to 0Hz are 
leading to results according to DC measurements 
(ks=0), with higher frequencies the results 
represent the conductor design described by the ks 
factor. It can be assumed that the area of 
application of the formulae (2) and (3) are limited in 
terms of the frequency.  
In this paper both values have been derived by 
analytical calculations and compared with the 
measured values. 

 
Figure 3: AC resistance measurement on a full-
size cable drum 
 
The block diagram of used equipment is given in 
figure 4. The voltage taps of the cable conductor 
impedance and shunt are used for the 
measurement of the conductor voltage drop and 
the injected AC current. The AC source is the 
combination of a function generator (to generate 
sine wave of variable frequency) and a power 
amplifier (suited for impedances down to 2 Ohm). 
The shunt is specially designed for high-accuracy 
current measurements with very low phase 
displacement. 
 
In an on-line measurement following data are 
processed and calculated: 

• Frequency [Hz] 

• Voltage [V] and Current [A] 

• Phase difference [rad] 

• Active Power [W] 

• Reactive and apparent power [VA] 

• Efficiency factor cos-phi and tan delta 

• Serial and parallel resistance [Ohm] 
 
 

conductor connection

XLPE cable

screen 
connection
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The phase error uncertainty has been determined 
to approx. +/- 5 x 10

-5
, the total measurement 

uncertainty was < 0.01% of the actual input range. 
 

 
 
Figure 4: Block diagram of used equipment 

 
An overview of the equipment needed for the AC 
resistance measurement is shown in figure 5. 

 
 
Figure 5: Easy and manageable equipment for AC 
resistance measurement 

 
The measurements have been performed with low 
current magnitude, any distortion by line frequency 
was easily to suppress. The used measurement 
equipment showed a high sensitivity. Thus, the 
measurements can be performed at  extremely low 
current magnitude (e.g. 0.2% of the rated current) 
excluding any thermal effects and so enabling the 
use of a low power AC current sources. 
The measurements have been performed on two 
different cables: 
 
1. BNC cable type RG58 
 
2. 500kV XLPE cable  

conductor: 2500mm
2
 copper conductor, round, 

segmented, stranded, longitudinal water-tight 

screen/metallic sheath: copper wire and copper 
tape cross section 300 mm², longitudinal water-
tight 

 

4 RESULTS 

With variable frequency it becomes possible to fit 
the measured AC resistance data as a function of 
AC frequency to the analytical skin effect function 
(first-order Bessel function) by parameter 
identification, resulting in a precise estimate of the 
ks factor. Furthermore, this procedure provides a 

'built-in' self-check to verify the results: 
extrapolating the identified curve for f → 0 should 
deliver the DC resistance of the conductor, which 
can be easily cross-checked by DC resistance 
measurement. The result of the measurement of 
the AC resistance measurement for both measured 
cables are shown in figure 6 and 7. 

 
Hz 

Figure 6: Measurement of AC resistance over 
frequency for a BNC cable type RG58 15m in 
length from 1Hz - 2·10

4
Hz 

 
For very low frequencies there is no significant 
change of the development of the AC resistance at 
the BNC cable. The BNC cable characteristic is up 
to 2kHz independent of the frequency. The 
measurement results are in accordance with the 
calculated values of a first-order Bessel function.  

 

Hz 

Figure 7: Measurement of AC resistance over 
frequency for a 500kV XLPE cable with 2500mm

2 

cross section from 1Hz - 2·10
4
Hz 

 
Regarding the 500kV XLPE cable 2500mm

2
 in 

figure 7 the significant break starts at 20Hz. From 
here there is a dependence of the frequency 
obvious. Compared to the BNC cable the break 
starts approximately two dimensions lower.  

Up to 100Hz the measurement results are in good 
accordance with the calculated values of a first-
order Bessel function, but above 100Hz the 
calculation differs from the measurement. The 
steepness of the measured development is much 
higher than the calculated. It must be assumed, 
that so far unknown effects cause this deviation. 
 

PC function 
generator

data  
processing 

amplifier

 RAC 

10                        100                      1000                       10
4
 

1                      10                    100                  1000                  10
4
 

 RAC 
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The measurement of the development of the AC 
resistance for very low frequencies is shown in 
figure 8. Even here the measurement results follow 
the calculated development of the first-order 
Bessel function. The measured development of the 
AC resistance in terms of frequency is in line with 
the theoretical models. These results give 
evidence in terms of suitability of the used 
measurement method. 
 

 

Hz
 

Figure 8: Measurement of AC resistance over 
frequency for a 500kV XLPE cable with 2500mm

2 

cross section from 1Hz - 60Hz 
 

 

   ms 

Figure 9: Voltage and current measurement for a 
500kV XLPE cable with 2500mm

2 
cross section @ 

100Hz 

 

In figure 9 one example of the measurement 
method is shown. Based on this measurement an 
on-line calculation of the phase shift delivers the 
basis for the calculation of the AC resistance and 
ks factor. The FFT spectrum of the measured 
voltage and current in figure 10 shows in this 
example a peak at the measured frequency of 
2kHz. The data unit of the equipment is able to 
process these data precisely. 
 
The voltage and current signals were digitized 
synchronously (24 bit A/D converter, 125 kS/s) to 
ensure minimal phase error. The sampled 
measurement data were transformed into 
frequency domain (FFT) and the phase 
displacement was calculated for the base 
frequency only. 

Based on these results a basic understanding of 
measurements methods and behave of cables with 
large conductors in terms of the ks factor 
respectively AC resistance become very important 
and necessary regarding the declaration and 
knowledge of general cable characteristics.  
From today's viewpoint the presented measuring 
method is applicable for power cables with large 
conductor cross section using measuring 
frequencies up to 100Hz. 
 

 

Figure 10: FFT spectra for a 500kV XLPE cable 
with 2500mm

2 
cross section measured @ 2kHz 

 
5 CONCLUSION 

At the moment the measurement of AC resistances 
of large conductors is not standardized.  
The measurement of the skin effect or AC 
resistance is difficult to apply under practical 
conditions on full size cables. 
It has been shown, that the presented 
measurement procedure is easy and manageable 
to measure the ks factor respectively AC resistance 
of cables with large conductors. The equipment 
seems to be suitable for measurements on cables 
with large cross sections >1600mm

2
.  

It must be assumed, that there are so far unknown 
dependencies on temperature and frequency 
interacting with cable constructions of larger 
conductor cross sections having an influence on 
measuring results above 100Hz. 
Additional measurements have to be considered 
for basic knowledge and understanding.  
Future objective is a reproduction of the introduced 
measurement method on cables with short length 
(<10m). 
In terms of standardization it is necessary to define 
and establish an universally accepted 
measurement methods and procedures.  
The methodology presented in this paper seems to 
be suitable to for continuative considerations in the 
future.  
In the past measurements of the ks factor have 
been successfully performed order related on 
cable drums as a sample test. At the present there 
are customer requirements, in that Südkabel has to 
measure the ks factor as a routine test on each 
cable drum. 

0                10               20               30                40               50               60 

0                     5                    10                   15                  20                   25           

 RAC 
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GLOSSARY 

XLPE Cross-Linked Polyethylene 
AC Alternating Current 
DC Direct Current 
FFT Fast Fourier Transformation 
f supply frequency in Hertz 
R´ DC. resistance per unit length 

σσσσ  conductor conductivity 

µµµµ relative magnetic permeability 

δδδδ eddy current losses 
ys skin effect factor 
xs argument of a Bessel function used to calculate 
              skin effect  
ks factor used in calculating xs (skin effect) 
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