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Abstract. In recent years, with the rapid development of large-length ultra-high-pressure voltage extrusion insulated 
submarine cable technology, the cable system in the medium-length offshore power grid interconnection project has 
been gradually replaced by XLPE insulation by traditional oil-paper insulation. There are many large cross-section 
conductors used in long-distance power transmission cables, and according to the IEC 60287-1-1, it is recommended 
to use Milliken conductors to reduce the AC resistance of conductors, at the same time, in submarine cables, there is a 
high requirement on the water-blocking performance of conductors and the water resistance of Milliken conductors is 
poor, so it is not used in submarine cable conductors. This paper puts forward a layering enamelled stranded 
conductor and a calculation method of AC / DC resistance ratio for it. The validity of the calculation method is 
verified by experimental tests. At the same time, the calculation shows that the AC / DC resistance of the conductor at 
1800 mm2 nominal cross section can be reduced by 16% compared with the conventional round compacted conductor 
in the prior art. The effectiveness of this conductor in reducing AC resistance is verified by finite element simulation.  

1 Introduction 
The engineering application of large-length ultra-high 
voltage cross-linked polyethylene insulated (XLPE) 
submarine cable technology can not only eliminate the 
marine leakage of oil-filled cables and the protecting 
forests anxiety, but also has the advantages of 
environmental protection, high reliability and low cost. 

Some experts and scholars at home and abroad have 
studied the AC resistance characteristics of conductors 
with different structures. Many scholars use complicated 
models and complicated electromagnetic field formulas 
to calculate the AC resistance of segmented cable 
conductors, as in K. Sugiyama's literature. In the latest 
edition of IEC 60287[1], the recommended values of the 
skin effect correction factor ks for different conductors 
such as solid round copper conductors are given. The file 
272 of CIGRE B1.03[2] working group gives a detailed 
introduction about the theoretical calculation, finite 
element simulation and actual measurement of ks for the 
split conductors with various monofilament surface states. 
However, as of now, there is no literature to report the 
calculation method of AC resistance and the distribution 
of conductor currents of insulated stranded round 
conductors with layered enameled wires. This paper 
presents a new low AC resistance conductor that is 
compatible with the traditional cable insulation structure 
and has the same appearance. The AC resistance of the 
conductor is calculated and the actual resistance test is 
performed. The current distribution under the alternating 
electric field of the conductor is analyzed though finite 
element simulation. 

2 AC Resistance Calculation 
In this paper, two different conductors are theoretically 
calculated and tested, and the current distribution is 
simulated. These two kinds of conductors are copper wire 
strands conductor(CWSC) and (layered enamelled 
stranded conductor (LESC)). Both conductors have a 
cross-sectional area of 1800 square millimetre, with outer 
diameter 51 millimeter, compression factor 0.93.  

2.1 Copper Wire Stranded Conductor ( CWSC ) 

The increase in resistance caused by AC resistance 
compared to DC resistance skin effect is the main reason.  
In this paper, the calculation of AC resistance ignores the 
proximity effect. In the calculation of AC resistance of 
conductors in IEC 60287-1-1, a simplified formula for 
calculating AC resistance of round copper stranded 
conductors based on a theoretical model is provided as 
shown in equation (1). 
                                 )1(' ps yyRR ++⋅=                            (1)

 
Since the relationship between the distance S between 

the axial lines of the three single-core submarine cables 
and the submarine cable outer diameter D satisfies S≥5D, 
the proximity effect coefficient, yp = 0, can be ignored, as 
shown in equation (2). 
          
                                )1(' syRR +⋅=                                (2)

 The skin effect factor ys formula is equation (3): 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0

(http://creativecommons.org/licenses/by/4.0/). 

MATEC Web of Conferences 260, 02004 (2019) https://doi.org/10.1051/matecconf/201926002004
ICPSE 2018



                             

1928.0 4

4

+
=

s

s
s x

xy
                          (3) 

The  sx   in the equation: intermediate parameter, 2
sx  

is equation (4): 
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'R ：copper conductor DC resistance at 20 degrees 
centigrade; 

f ：operating voltage frequency of conductor; 

sk ：correction factor for the calculation formula and 
the actual test value; 

According to the above formula, the skin effect factor 
of common copper stranded conductor can be calculated, 
and then the AC resistance of conductor can be calculated. 
The values of ks have been given for conductors of 
different surface states in the standard IEC 60287-1-1, as 
shown in table 1. 

Table 1. IEC 60287- 1-1 gives ks recommendations for different 
conductors 

type of the 
conductor (copper) ks 

Round, solid 1 1 

Round, stranded 1 

Round, Milliken 
(insulated wires) 0.35 

Round, Milliken (bare 
uni-directional wires) 0.80 

 
Where in ks calculation value of copper wire strands is 1, 
and skin effect factor ys = 1.37 is calculated according to 
1800 mm2 copper stranded conductor. 

2.2 Layered Enamelled Wire Stranded Conductor 
( LESC ) 

The standard IEC 60287-1-1 determines the AC/DC 
resistance ratio of different structures such as oxidized 
monofilament and enamelled wire conductor by 
calculating the value of the correction factor ks in the 
theoretical derivation formula of the skin effect factor ys. 
In the 2014 version of the standard, the measured values 
of the ks values of several common cable conductors are 
given in tabular form. 

Some experts and scholars at home and abroad have 
studied the AC resistance characteristics of conductors 
with different structures[3][4]. Many scholars use 
complicated models and complicated electromagnetic 
field formulas to calculate the AC resistance of 
segmented cable conductors[5][6][7][8][9], as in K. 
Sugiyama's literature[10][11]. 

Working group file 272 of CIGRE B1.03 introduces 
in detail the theoretical calculation, finite element 
simulation and actual measurement of ks for bare copper 
monofilaments, enameled monofilaments and segmented 
conductors with oxidized monofilaments. However, the 
calculation method of the skin effect factor ys in the case 

of conductor with partial enamelled wire monofilament 
and partial copper monofilament is not given and no one 
else has studied it. 

The skin effect factor of mixed stranded conductors 
with enamelled wires and copper wires is no longer 
applicable to the above formula in CIGRE file 272, and 
the correction factor ks in the formula needs to be 
calculated by a special method. 

This paper presents a calculation method of conductor 
AC resistance based on radial conductance fitting of 
conductor stranded monofilaments. The method firstly 
calculates the structural parameters of conductor, and 
then calculates Sr. Sr is defined as the ratio of the surface 
radial conductance between the stranded single wires. 
Using the Sr and ks data of the single wire enameled 
insulated stranded conductor and the copper wire 
stranded conductor in the file 272 of CIGRE B1.03, the 
relationship curve between Sr and ks is obtained by least 
squares fitting, and finally the ks of the layering enameled 
stranded conductor is calculated.  

Let us make some assumptions before calculating: 
1. The film is not damaged during the stranding 

process of the enameled single wire; 
2. The film thickness is negligible compared to the 

monofilament diameter; 

 

Fig.  1  Fitting curve of ks and Sr 

The data points are calculated by least squares fitting, 
and the fitting results are shown in Fig. 1. The formula is 
shown in formula (5).  
                       0.245 0.967s rk S= + ×                    (5) 

For LESC, Sr theoretical formula can be expressed by 
formula (6): 
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In the formula :  
α : correction factor with Sr measured data; 
a : indicates that the monofilament is a bare copper  

wire; 
b : indicates that the monofilament is an enamelled 

wire; 
c : indicates that one of the adjacent two wires is a bare 

copper wire, and the other is the combined number of 
enamelled wire; 
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d : indicates the combined number of adjacent two 
wires that are bare copper wires; 

e : indicates the combined number of two adjacent 
wires, both of which are enamelled wires; 

n : indicates the number of bare copper wires; 
m : indicates the number of enamelled wires; 

aaγ : indicates the surface radial conductance when 
two adjacent wires are both bare copper wires; 

bbγ : indicates the surface radial conductance when 
two adjacent wires are both enamelled wires; 

abγ : indicates that one of the adjacent two wires is a 
bare copper wire, and the other is the surface radial 
conductance of the enamelled wire; 

cuγ : indicates the stranded single wire conductance of 
copper conductor monofilaments; 

Because the insulation resistance of the enamelled 
single wire is high, its conductivity is negligible 
compared to copper conductor, so 0ab bbγ γ= = ,and 
known from the layering insulated conductor structure, d 
= n, aa cu jcγ γ γ= +  , jc cuγ γ  .  

At the same time, the method of multiplying the 
correction factor is used to correct the difference between 
the theoretical calculation value and the actual 
measurement value. Based on the actual measurement 
data in file 272 of CIGRE B1.03, the factor is taken as 
0.55. Thus, the actual Sr calculation formula is shown in 
equation (7). 
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The structure of the LESC is shown in Fig. 2, the 
outermost layer in the Fig. 2 is bare copper monofilament, 
twisted into one layer of enamelled wire and bare copper 
monofilament in sequence from the inside, and so on. 

 

Fig. 2   Structure diagram of LESC 

The parameter in Fig. 2 shows as table 2: 

Table 2   Structural parameters of layering enamelled stranded 
conductor 

copper 
wire 

enameled 
wire diameter 

cross section 
before 

compression 

cross section 
after 

compression 
88 66 4 mm 1934 mm2 1800 mm2 
 
Sr=0.31 is calculated for the LESC of the structure in 

figure 1, and ks = 0.55 and ys = 0.14 are further calculated. 
Therefore, the AC / DC resistance ratio at 20 degrees 
centigrade /ac dcR R =1+ys=1.14 can be calculated. 

3 AC Resistance Test 
In this paper, an AC resistance tester is used to test the 
AC resistance on CW and LESC. The test is based on the 
four-terminal method.The comparison between the 
AC/DC resistance ratio test results and the theoretical 
calculation results is shown in Fig. 3. 

 
Fig. 3  Comparison between test value and theoretical value     
 
Comparing the theoretical values with the test values, 

it can be seen that the deviation values of CWSC and 
LESC are not more than 5 percent, which shows that the 
calculation method can meet the requirements of field 
calculation and accuracy in engineering for calculating 
the AC/DC resistance ratio of LESCs. 

4 Current Distribution Simulation 

4.1  Finite Element Simulation 

Since the AC resistance data is more abstract, the current 
distribution in the conductor can be simulated and 
analyzed by finite element simulation method, which can 
directly compare the current distribution differences. It is 
also widely used in the simulation of various physical 
processes, such as current distribution in conductors, 
electric field distribution in insulation[12], etc. 

4.2  Model Building 

The finite element simulation software was used to build 
the model of 1800 square millimetre CWSC and LESC, 
defined the material properties and physical fields, and 
apply a magnetic filed simulation module to apply 500 
Ampere, 1000 Ampere and 1500 Ampere currents to the 

3

MATEC Web of Conferences 260, 02004 (2019) https://doi.org/10.1051/matecconf/201926002004
ICPSE 2018



conductor. Each stranded wire in the CWSC is defined as 
pure copper, the remaining gaps are defined as air, each 
stranded wire in a LESC is defined as pure copper, 10 
micron paint film is attached to the monofilament, and 
the remaining gaps are defined as air. 

4.3  Analysis of Simulation Results 

  
a） I=500A,γ gap=10-2 S/m 

 
 b）I=1000A,γ gap =10-2 S/m 

 
c） I=1500A, γ gap =10-2 S/m 

Fig. 4   current distribution of CWSC 

  
a） I=500A, γ paint=9×10-7 S/ m, γ gap =10 S/m, ∆film=10 μm 

 
b） I=1000A, γ lacquer=9×10-7 S/m, γ gap =10 S/m, ∆film =10 μm 

  
c） I=1500A, γ lacquer =9×10-7 S/m, γ gap =10 S/m , ∆film =10 

μm  
Fig. 5    current distribution of LESC 

 

Fig. 6   Results comparison of CWSC and LESC conductor 
current density 
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It can be seen from Fig. 4 and Fig. 5 that the current 
distribution of the layered enamelled insulated strands is 
more uniform, and from Fig. 6, the current density of the 
inner conductor is higher, and the current density of the 
outer conductor is lower, thus verifying the effect of 
lowering the AC resistance of the LESC.  

The above phenomenon takes advantage of the 
exponential decay principle of electromagnetic signals 
propagating from the conductor surface to the interior, 
that is, skin effect. In engineering, the penetration depth 
is used to represent the skin effect of the field in good 
conductors. At the frequency of 50Hz, the penetration 
depth of copper is 9.4 millimetre. Formula (8) shows the  
penetration depth. 

                                
1d
fπ µγ

=                                (8) 

In the formula : 
d: penetration depth; 
π: circumference rate; 
f: electrical signal frequency; 
μ: conductor permeability; 
γ: conductivities of conductor 
It can be seen from the formula that two methods can 

be taken to reduce the effect of the skin effect, one of 
which is to reduce the diameter of the monofilament and 
the other is to increase the surface area of the conductor 
when the area is fixed. 

The technical solution adopted by LESC is to increase 
the effective surface area of the conductor. 

5  Conclusion  
1. The 1800 square millimetre LESC designed in this 
paper has the obvious effect of reducing the AC 
resistance, and the AC/DC resistance ratio is reduced by 
16 percent compared with the common conductor. 

2.  Through AC resistance calculation and actual test, it 
is found that the calculated values of LESC are consistent 
with the measured values, and the deviation is small;  

3. Finite element simulation shows that the current 
density of the outer monofilament of the conductor is 
reduced and the current density of the inner 
monofilament is increased by adopting LESC, thus the 
AC resistance of the conductor is finally reduced. 
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