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SUMMARY 
 
The electrical resistance of helically-stranded conductors (aluminium and aluminium alloy), 
intended for use in distribution and transmission lines, depends on the conductor cross-
section area, the conductivity of the aluminium alloy, the lay length of the aluminium layers, 
and the presence or absence of a steel reinforcing core.  The presence of a stranded steel core 
both reduces the conductor resistance due to the conductivity of the galvanized steel wires 
and increases the resistance due to core magnetizing effects.  This brochure describes a 
process of calculation for stranded aluminium conductors both with and without a steel 
reinforcing core.   
 
 
APPENDIX A provides a MathCad programme to determine the AC resistance of a stranded 
conductor for a given current. This output can be used in conjunction with the steady state 
model to determine the actual current flow or conductor temperature. 
 
Note that the programme shown in Appendix A follows exactly the work done by Barret et al.  
Care should be taken, however, when using this programme to determine the exact AC 
resistance of ACSR conductors in order, for example to replicate present AC resistance 
curves supplied by manufacturers.  The differences in measuring techniques (length of 
sample used), the lay lengths, magnetic properties of the core, and other factors may give 
different results.  The programme is thus suitable for determining the effect of these 
parameters on AC resistance and comparing different conductor designs. 
 
 
APPENDIX B provides an alternate model for the calculation of the AC resistance  
 
On the basis of laboratory tests and theoretical studies, it has been determined, that AC 
resistance of stranded aluminium conductors (AAC) or all aluminium conductors (AAAC) 
can be calculated with acceptable accuracy by taking into consideration the conductor 
geometry, e.g. lay ratio, diameter of wire, current and temperature distribution of conductor.  
Resistance calculations with Aluminium conductor Steel reinforced (ACSR), however, can be 
more complex due interactions between the currents in each helically stranded layer coupled 
through the steel core. 
 
On the basis of results from research [5,6,7,8]* computer programs have been developed that 
can determine the AC resistance of ACSR very accurately (one presented here).  This 
brochure describes the theory as well as demonstrating a programme that can be used  within 
existing software packages that will enable rapid and accurate determination of AC resistance 
for helically stranded conductor types. 
 
Layout of the document 
 
The document covers the historical research into AC resistance and covers the different 
factors that make up the AC resistance of conductors. One of the main effects that has only 
been taken into account in recent times is the different current densities in each layer of the 
conductor.  The programmes shown in the appendices (flowchart and Math Cad code) are 
based on different methods to determine the different currents in each layer.  
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In order to determine the AC resistance of an ACSR conductor you need to take into account 
the following:- 
 
DC resistance –   depends on the resistivity and length of the strand. 
Temperature –  increased temperature increases the DC resistance 
Skin effect –  this increases the current in the outer section of the strand and 

also tends to force the current to the outer layers of the 
conductor. 

Core losses –  this is due to eddy current and magnetic hysteresis induced in 
the steel core and increases the temperature of the conductor 
hence the Direct Current (DC) resistance component. 

Transformer effect –  This effect produces induced currents in the wires as a result of 
magnetization of the steel core. thereby increasing the current 
density in the middle layer of a three layer aluminium 
conductor. This is described in detail in [44] and [45]. 

 
The methods described can determine the AC resistance for all types of conductors.  In 
homogeneous conductors, the skin and temperature effects are most important. 
 
 
 
* The research is sponsored by Fund of the National Science and Research (OTKA)  
T 014 372, T 016 078 
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1 INTRODUCTION 

Bare stranded aluminium conductors, with and without steel reinforced cores, have been used 
for over 80 years for the transmission of electric power at high voltage. These conductors 
consist of one or more layers of aluminium wires stranded concentrically (with alternate 
right-hand and left-hand directions).  When steel reinforced, the conductor core consists of 
one or   more galvanized steel wires. The steel core and aluminium layers provide mechanical 
strength, but the aluminium wires carry most of the current.  
 
Whether there is a steel core or not, alternating current flowing in the aluminium wires causes 
skin effect within the conductor and, at frequencies of 50 to 60 Hertz, skin effect increases 
the resistance by between 1% and 10% for conductors having diameters of from 20 to 50 mm, 
respectively..  
 
In ACSR, the alternating current produces an alternating axial magnetic flux in the steel core 
which further changes the current distribution between aluminium layers, and increases the 
effective ac resistance by as much as 5% to 20% for three-layer and single layer ACSR.   
. 
The accuracy of any resistance calculation for bare aluminium stranded conductor is 
complicated by the following factors: 
 
- Electrical contact can be made only with the outer layer of wires, unless compression 

fittings are used. 
- The electrical contacts between wires in the same layer and wires in adjacent layers 

may depend on the degree of oxidation and the tension in the conductor. 
 
The conductor is not isothermal, since there will be a radial temperature gradient, and there 
may also be a longitudinal temperature gradient. 

2 DIRECT CURRENT PARAMETERS 

With direct current, the current density within an isothermal solid cylindrical or tubular 
conductor is uniform. Provided that good contact is made with all the strands, the distribution 
of the current density within an isothermal homogeneous stranded conductor carrying direct 
current is also uniform. In the case of a bimetallic conductor, such as ACSR, the current 
density within each metallic section is inversely proportional to the resistivity of that section.  
 

2.1 Calculation of DC resistance for bare stranded aluminium conductors 

 
The resistance per unit length R of a conductor depends on the resistivity ρ and the cross-
sectional area A. Since the resistivity is temperature dependent, the resistance also varies 
with the temperature T of the conductor. 
 
The DC resistance per unit length of a solid cylindrical conductor is calculated from: 
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                                       Rdc = 4 ρ20 [1 + α20 (T - 20)] / π Ds
2  (1) 

 
where ρ20 and α20 are the resistivity and its temperature coefficient, respectively, at  
20 °C , T is the temperature of the conductor and Ds is the outer diameter of the conductor.: 
 
Stranding of a conductor increases its length. The resistance per unit length of a stranded 
homogeneous conductor is calculated from: 
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where d is the diameter of each wire, n is the number of the layers, and kn is a length factor, 
found calculated as follows: 
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where Dn is the mean diameter of layer n and λn is the lay length of that layer. The ratio λn/Dn 
is known as the lay ratio of layer n.  In the case of a stranded bimetallic conductor, such as 
ACSR, the DC resistance can be calculated from: 
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where the subscripts a and s refer to the nonferrous and ferrous sections, respectively. 
 

3 ALTERNATING CURRENT PARAMETERS 

In order to determine the parameters that affect AC resistance, it is necessary to study the 
effects on the resistive and the internal inductance. 
 

3.1 Parameters that affect AC resistance  

 
3.1.1 Effect of current 

 
 
The current density distribution within any conductor carrying alternating current is rarely 
uniform. With solid cylindrical and tubular homogeneous conductors, there are skin and 
proximity effects. With stranded homogeneous conductors, variable contact resistances 
between strands may also affect the current distribution. With stranded steel-cored aluminium 
conductors (ACSR) the alternating magnetic flux in the core may cause hysteresis and eddy 
current losses in the core and a profound redistribution of current density in the layers of non-
ferrous wires [8,11,14,15,16]. 
 
3.1.2 Effect of frequency (skin effect) 
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The AC resistance of any conductor depends on the frequency of the current, as this 
determines the magnitude of the skin effect. At power frequency, there is usually negligible 
variation in the resistance with frequency in the case of a monometallic conductor. With 
steel-cored conductors, such as ACSR, however, there may be a significant effect of 
frequency, because the radial distribution of current density in the nonferrous section and the 
power loss in the steel core both depend on the frequency [36, 37]. 
 
Since not all the magnetic flux due to filaments of alternating current near the centre of a 
homogeneous conductor cuts the whole conductor, the inductance per unit area will decrease 
towards the surface. Hence, the current per unit area will increase towards the surface of the 
conductor. Theoretical studies give factors [17,18] for  skin effect calculation, that is the ratio 
between the AC and DC resistances, for an isolated non-magnetic solid circular cylinder with 
negligible capacitive current as a function of conductor radius.   
 
Theoretical studies based on measured results have proposed an explicit solution to equation 
for power frequencies, where the error varies from 1.6 % to 3.8 % [19].  In the case of a 
stranded non-magnetic conductor this includes the skin effect factor, provided that the DC 
resistance is calculated at the temperature of interest [20]. For steel-cored conductors, such as 
ACSR, some authors [21] have used for calculation the diameter of the steel core, but this 
neglects the effect of the magnetic flux in the core on the skin effect.  
 
If the current density in each layer is assumed to be uniform, the outer and inner magnetic 
fluxes associated with each layer are given by: 
 
 

                   Φn, outer = (1/ 2π) (Is + I1  +…k1 In) μ0 ln [Dn / (Dn – d)] 
and 
                  Φ n,inner = (1 / 2π) (Is + I1 +…k2 In) μ0 ln [(Dn – d) / Dn-1] (5) 
 
 

where the coefficients k1 and k2 take account of the fact that the layer currents are not 
concentrated at the centre of each layer [5]. According to theoretical  study [14] calculated 
values for Grackle ACSR conductors are given as k1 = 0.79 and k2 = 0,21 .  However, 
according to other study[35], the calculated values for Grackle were k1 = 0.74 and k2 = 0.26. 
The mutual inductive reactances due to the circular flux can be calculated from: 
 
 

                                                Xn,outer = j f μ0 Φn,outer
and 
                                                Xn,inner = j f μ0 Φn,inner (6) 
 
Note that in discussions with Barret in March 2006, it was discovered that shortly after 
publishing the paper [14], that a FORTRAN program CONRES was written to compute ac 
resistance of ACSR with any number of layers, both standard roud wire nad trap wire.  At 
that time some minor changes and corrections were made:- 
 

o For round wires: k1 and k2 were corrected to 0.71 and 0.29 (previously 0.79 and 0.21 in 
[14]). 
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o For trapezoidal wires k1 and k2  were corrected to 0.67 and 0.33 (previously 0.75 and 
0.25 in [14]) 

 
Note that these changes are minor and result in an ac resistance change of less than 0.1 
percent. 
 
 
3.1.3  Proximity effect 
 
When two conductors carrying opposite, alternating current are parallel and close together the 
current densities on the sides facing each other are increased, and those on the remote sides 
are decreased, due to non-uniform magnetic inductions [ 21,22,23]  . If the two currents are in 
the same direction, the reverse is true.  In overhead power lines, bare conductors are rarely 
close enough for the proximity effect to be significant.  This is not true, of course, for 
insulated power cables which can be much closer together. 
 
3.1.4 Effect of temperature 
 
Temperature has a significant effect on the resistance of most aluminium (and copper) 
conductors. The increase in dc resistance with temperature amounts to approximately 4% for 
every 10 degrees C change in conductor temperature.  At extremely high operating current 
densities, the core temperature may be significantly higher than that of the outer aluminium 
layer and this radial temperature difference should be considered in calculating high 
temperature sags, particularly with ACSR where all the tension is in the core at high 
temperatures.  
 
3.1.5 Iron losses excluding transformer effect. 
 
The following equation was used prior to the inclusion of the transformer effect [24]  to 
calculate the increase of resistance ΔR due to iron losses in the steel core. It was assumed that 
the current density in the non-ferrous section was uniform, and that the layer currents 
followed the spiralling wires, with no axial leakage because of the surface oxide layers: 
 
                                             δμμπ tan2 0 NAfR sr=Δ           (7) 
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where  N = effective number of turns per unit length 
 As = cross-sectional area of steel core 
 ni = number of wires in layer i 
 n = total number of non-ferrous wires 
 j = number of layer of non-ferrous wires. 
 f = frequency 
 μr = relative permeability of core 
 μ0 = permeability of free space 
 λi = lay length of layer i 
 δ = phase angle between total current and voltage induced in non-ferrous wires 
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The phase angle change depends on loading current of conductor as presented in the studies 
[5,6,7,8]. The core losses have usually been measured [5,25,26,27,28,29]. 
 
3.1.6 Transformer effect 
. 
Earlier analyses [30, 31] modelled the effect of the steel core in an ACSR conductor by 
employing equivalent circuits, but these models identified the core loss with each layer of the 
conductor, rather than with the core, although they did indicate non-uniform distribution of 
current density between the layers of aluminium wires. The first model [32] to include the 
layer resistances and inductances due to the circular and longitudinal magnetic fluxes 
employed complex values for the layer currents, but not for the permeability of the core and 
the magnetic loss angles These discrepancies were partially rectified in [33], and fully 
accounted for in [14]. The effects of the temperature and the tensile stress in the conductor on 
the permeability of the core were analysed in [34]. 
 
The complex self-inductive reactances of the layers of aluminium wires, due to the 
longitudinal magnetic flux in the core, are calculated from: 
 
 

                     Xnn = 2 π f μ0 { [ ( π / 4) Dn
2 – As] + μr As} / λn

2 (9) 
 
 

where f is the frequency,  
 Dn is the mean diameter of layer n 
 λn is the lay length of layer n, 
 As is the cross-sectional area of the steel core 
 μr is the complex relative permeability of the core, and 
 μ0 is the permeability of free space. 
The complex mutual inductive reactances due to the longitudinal magnetic flux are calculated 
from: 
 

                       Xpq = 2 π f μ0 { [ (π / 4) Dp
2 – As] + μr As} / λpλq

and 
                       Xqp = Xpq (10) 
 

where Dp is the mean diameter of layer p, and λp and λq are the lay lengths of layers p and q, 
respectively.  
 

It was shown both analytically and experimentally in [14] that both the current density and its 
phase angle vary both within and between layers. To study these distributions in greater 
detail [8,15,34] it was assumed that each wire  was cut into ten annular slices, with their 
boundaries consisting of circular arcs having their centres at the centre of the conductor. This 
enabled the skin effect in each layer to be determined. It was also shown that both the current 
density and the phase angle in the middle layer of an ACSR conductor having three layers of 
aluminium wires are enhanced at the expense of the inner and outer layers. This is in 
agreement with other calculations [6, 16, 21] and measurements [8, 21].  
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3.2 Parameters that affect AC conductor impedance (Z)   

 
The nonuniform distribution of the current density in a conductor, due to the skin effect and 
the transformer effect, also influences the internal inductance, particularly with steel-cored 
conductors, such as ACSR. In early research work the total inductance of parallel conductors 
was measured, but the mutual inductance usually is much larger than the internal inductance. 
The internal inductance can be measured with complex compensator [5,7,36]   
 
3.2.1 Effect of current 
 
The measurements [5,7,36,39] show that the internal inductance of an ACSR increases 
sinuosoidally with increasing current to a maximum value, at which magnetic saturation of 
the steel sets in, and then decreases as the current increases further.  Fig.1. shows the 
variation of internal inductance with respect to loading current of ACSR conductor. 
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Fig. 1. 

Variation of internal inductance with respect to loading current  (ACSR 500/65) 

 
3.2.2 Effect of frequency  
 
Based on measurements and theoretical studies to the variation of internal inductance with 
respect to frequency can be calculated[37]. The internal inductance of an ACSR conductor 
decreases as the frequency increases (in the range 25 Hz to 60 Hz).  The electromagnetic 
model [6,8,14] can be used to calculate the variation of the internal inductance of ACSR 
conductors.   The calculated and measured results show that the inductance decreases 
uniformly as the frequency increases.  
 
3.2.3 Effect of temperature 
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It is difficult to study the effect of temperature on the internal inductance of a conductor 
carrying an alternating current, because the temperature increases, even if the current is kept 
constant [37].  With incease temperature of aluminium layers, the current distribution of 
aluminium part of conductors, and eddy current in steel core also change[5,7,39].  The effect 
of temperature variation can  be calculated using of the transformer model [5,6,7,8]. 
 
3.2.4 Effect of tensile stress 
 
Increasing tensile stress appears to have a negligible effect on the resistance of a stranded 
monometallic conductor, but, in the case of a stranded steel-cored conductor, such as ACSR, 
the modulus of the relative permeability at constant magnetic field strength decreases with 
increasing tensile stress in the range 0 – 290 MPa [28], hence the AC resistance decreases 
slightly with increasing tensile stress. This is due to the Villari effect with positive 
magnetostriction, and is in qualitative agreement with the results for single galvanized steel 
wires [28]. There is a small increase in relative permeability between zero stress and about 50 
MPa, due to plastic strain of the steel. 
 

3.3 AC/DC Resistance Ratio 

A general solution for the ratio of the ac resistance to the dc resistance (the “AC/DC 
resistance ratio”) of an isolated solid non-magnetic conductor having circular cross-section 
has been given [18, 32]. General solutions for the resistance ratio of an isolated non-magnetic 
tubular conductor [20, 32] and two equal parallel non-magnetic conductors forming a single-
phase system [2, 35] have also been given. The resistance of a conductor carrying an 
alternating current is greater than when the conductor carries a direct current of the same 
magnitude at the same temperature. In the case of a monometallic solid or stranded 
conductor, the increase in resistance is due to skin effect and, possibly, proximity effect.  
 
In the case of ACSR, the presence of the steel core gives rise to magnetic hysteresis, eddy 
currents and the redistribution of current density between the layers of nonferrous wires [36]. 
The magnetic core loss due to hysteresis and eddy currents causes part of the voltage drop 
across the longitudinal reactance element in each layer to become in phase with the current in 
that layer. Hence the resistance of that layer is increased. 
 
In addition to the increase in the resistance of each nonferrous layer, the distribution of the 
current between the layers of nonferrous wires differs from the distribution with direct 
current or with alternating current, with skin effect alone. It has been shown, both 
experimentally and analytically [6,8,14,15,16], that the current density and its phase in the 
middle aluminium layer of a three-layer ACSR conductor are greater than those in the inner 
and outer layers. The wires in each layer also exhibit skin effect, the magnitude depending on 
the position of the layer [6,8,15, 33, 36]. The final distribution of current may be taken as that 
distribution which is brought about by the transformer effect to result in the minimum total 
power loss in the conductor [5,6,7,8,11,13,15, 33, 36]. 
 
Higher resistance ratios occur with ACSR conductors having an odd number of layers of 
aluminium wires, because the cancellation of the magnetic flux in the steel core, caused by 
the currents spiralling in opposite directions in adjacent layers is incomplete. The highest 
resistance ratios occur with ACSR conductors having a single layer of aluminium wires, and 
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the lowest ratios occur with two-layer conductors. In order to reduce the resistance ratio with 
three-layer conductors, the lay lengths of the individual layers have been manipulated. 
However, some combinations of lay lengths are impractical to manufacture [5,6,7,8,11]. 
 

4 DETERMINATION OF EFFECT OF UNEVEN CURRENT DISTRIBUTION ON 
AC RESISTANCE OF ACSR CONDUCTORS. 

 
The permissible loading current is determined by the maximum permissible temperature for 
the material of the conductor, the heat absorption depending on the meteorological 
parameters and by the heat output. Loading current value is determined on the basis of 
permissible temperatures of aluminium part of standing conductors, which are determined by 
metallurgical tests displaying no reduction of mechanical tensile strength during the expected 
service life of the overhead line. 
 
Methods widely used for calculation of the current load of stranded conductors according to 
the literature consider the conductor to be a homogeneous heat source from a thermal point of 
view. In these methods, the formula  of thermal equilibrium applicable to a homogeneous 
heat source is written for the surface [5,6,7,8,41,42, 43, 44] and the current density of 
conductor is assumed to be constant. Methods widely used for calculation of Joule-loss of 
conductors use the DC resistance of conductors, which can be found in standards, and 
manufacturer literature. It was found that in case of conductors of a large cross section and 
conductor with steel core, the difference are about 10 % between calculated and measured 
values of conductor temperature. According to test results, for the determination of Joule-
loss,  it is useful to use the AC resistance taking into consideration the  temperature and 
current distribution within stranded conductors with steel core [45, 46].  
 
 

4.1 Conventional calculating method with homogeneous current distribution 

During the research mostly the Morgan's method (published in 1965 [44] ) was used for the 
calculation of the loss of the multilayer ACSR conductors. Morgan assumed equal current-
distribution in the aluminum (AL) layers for the calculation of  the axial magnetic field, 
therefore only the iron loss was taken into in the calculation of  the AC. resistance. In 1959. 
Match and Lewis determined that the iron loss depended on the magnetic field strength and 
introduced  a method of measurement of the iron loss [47].  
For calculation of the axial magnetic field strength taking place in the interior of a stranded 
conductor with more aluminium layers, the aluminium layers were replaced by one single 
coil with a number of turns per meter according to the following formula: 
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where 
  N : number of turns per meter in the coil (turns/m),   
  ni : number of aluminium wires in layer i     
  hi : pitch of aluminium wires in layer i (m),      

12 



  n : number of aluminium wires of conductors      
  j : number of conductor layers 
 
Using relationship (1), increase in resistance was calculated as follows  
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where  
μ : permeability of the steel core in case of a field strength  (Vs/Am) 
Φ : phase angle between loading current and voltage induced in the aluminium layer(°) 
ω : angular frequency (rad/s) 
Av : steel core cross section (m2) 
Although Morgan's calculated and measured results seemed to fit each other, neither the 
homogeneous current distribution among the Al layers, nor the homogenate of the magnetic 
field in the steel core was proved. 

4.2 Laboratory testing and detection of uneven current distribution of ACSR 
conductors 

The laboratory tests conducted to measure the current distribution among the aluminium 
layers by measuring the temperature rise of the aluminium layers and steel core under short-
circuit conditions with the thermocouples built in between the wires (Fig. 2.) [5,6, 7, 8], 
depicted uneven current distribution. 

0
10
20
30
40
50
60
70
80
90

100

0 1 2 3 4 5 6 7 8 9

 ϑ  (%)

tz=0.5sec

35 36

t (sec)

2 3

ACSR 500/65mm2

AluminiumTime of fault: 0.5 sec
Fault current: 47kA

Steel

1

1

00
1

2

2
30

3

 

Fig. 2. 
Temperature rise in ACSR conductor under short-circuit 

Highest current intensity could be detected in the middle layer. The temperature distribution 
in conductor depends on uneven current distribution of aluminium layers. Increase of 
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resistance of ACSR conductor depends on value of axial exciting flux, which causes the 
uneven current distribution of aluminium layers. The uneven current distribution  was 
detected also by short-circuit test (Fig 3.) [48 ]. The test results of VEIKI were confirmed by 
F. Jakl, who carried out short-circuit tests  on ACSR conductor[49]. 
The uneven current distribution of three layers in ACSR conductor results in the AC 
resistance being about 5-8 % higher than DC resistance. The uneven current distribution  was 
detected under steady-state conditions by coils built in between aluminium layers too (Fig. 
4.and Fig.5.) [7,8].  The turns of coils were parallel with axes of conductors, so the induced 
voltage in the coil is proportional to the current of conductor layers flowing within the coil. 
The axial flux of steel core can be characterised by deviation of current density of the layers 
from homogeneous current density. 
The uneven current distribution was also proven by Barrett and Findlay with measurements 
and calculation [45,46]. 

 

 

 

Fig. 3. 
Measurement setup of current distribution measuring 
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Fig. 4. 

Measuring results of current distribution 

Fig.4. shows current density of aluminium layers as a function of homogenous current 
density of the three aluminium layers. 
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4.3 Theoretical explanation for the uneven current  distribution in the  aluminum (Al) 
layers of ACSR conductors 

Ui1 

R3R1 IAII.
IAI.

I 

Ui3
Ui2

R2

Hax 

 
 

Fig. 5. 
Induced voltages and currents in aluminium layers of a three-layer ACSR conductor 

 
R1 - R3: Resistance of aluminium layers 
Ui1 - Ui3: Induced voltage in aluminium layers 
IAI - IAII: Induced current component in aluminium layers 
 
The axial magnetic field of steel core induces voltages in aluminium layers. The direction of 
the induced voltage is opposite in middle-layer, because the stranding direction is opposite in 
middle layer comparing to the first and the third one. The absolute values of induced voltages  
depend on stranding geometry of the conductor. 
The current in the middle layer caused by induced voltages increases the resultant current in 
the this layer, while the current decreases the resultant current of first and third layer. The 
current decreases the induction of the steel core and the iron loss, while causes increase-loss 
in aluminium layers. 
 
According to the test results it was verified that the highest current density is not in the 
outside layer, caused by ”skin” effect,  but in the middle-layer because of the transformer 
effect inducing current in the wires as a result of the magnetization of the steel core. The 
current density of the middle layer of a three layer ACSR conductor (500/65) is about 15-20 
% higher than the average current density. The current density of layers depend on stranding 
geometry of conductors. 
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4.4  Loss calculation method of ACSR conductors taking into account the uneven 
current distribution.  

The experiments have shown that the stranding geometry has a strong effect on the current 
distribution and axial magnetic field which cause the iron loss in the steel core and over-loss 
in the aluminium layers. 
The uneven current distribution decreases the magnetic field strength in the steel core. The 
majority of over-loss develops in the aluminium layers, but not in the steel core. 
On the basis of test results and theoretical study [5, 6,7, 8] it was shown, that the loss of 
ACSR conductors can be determined only by knowing the current distribution of AL-layers, 
therefore a new substitution connection of the stranded conductor with three layers was 
developed ( Appendix A and Appendix B.) 
 

4th Aluminium layer 

2nd Aluminium layer

1st Aluminium layer 

Steel core 

3rd Aluminium layer 
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Fig 6: Electrical representation of three layer conductor as described in Appendix A. 
 
 

The diagram shown in figure 6 represents the exact model used in the Mathcad model 
described in Appendix A. It is sufficiently accurate and the mathcad model takes into account 
the skin effect, eddy current and transformer effect.  The diagram shown in Appendix B 
represents the exact model used in the computer program developed by Güntner and Varga. 
The model of Appendix B takes into account transformer effect, eddy current and histeresis 
losses of steel core, as well as the current and temperature distribution of aluminum layers. 

 
The primary circuits substitute the aluminium layers while the secondary circuit substitutes 
the steel core. In the substitutions diagram “I” symbolises the current in the conductor, which 
is equal to the sum of the current in each layer( I1, I2,I3, I4.) The Figure 6 is equivalent to the 
model in [14] except that it combines the inductances from longitudinal and circular magnetic 
flux.  In the reference [14], the two types of inductance are shown separately, with the 
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longitudinal inductances resulting in transformer effect and the circular inductance producing 
skin effect. 
 
Some theoretical studies, [21,25,47] did not take into account the uneven current distribution 
of Al layers, therefore the increment of AC resistances consist of eddy-current, and hysteresis 
losses of steel-core. 
 
 The loss of the layers and the steel core can be determined on the basis of substitution 
connection diagram [5].  
 
According to calculation, about 80% of AC incremental loss is produced in the Al-layers and 
only 20% of it arises in the steel-core. The variation of components (ΔRAl,and ΔRAc) of AC 
resistance of conductors can be seen in Fig. 7 (assuming no saturation of the steel core). 
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Fig. 7. 

Main components of AC resistance 

The cause of increase of AC resistance in comparison to the DC resistance, is mainly 
uneven current distribution, which strongly depends on the induced voltage in the Al-
layers. This voltage is the function of the stranding angles of the layers. 

According to laboratory test results, it can be established that a calculation method, which is 
capable to define the current distribution of Al-layers as a function of stranding angles [5,6,7, 
8, 45, 46 ] is to be used for calculation of AC-resistance of ACSR conductors. 
 
 

5 AC RESISTANCE CALCULATION OF ACSR CONDUCTORS   

A computer program (format given in Appendix A) was used to calculate the AC resistance 
of ACSR conductor samples, with one layer and three layers construction.  
The following conductors were used: 
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 One layer conductors:  Turkey, Raven, Penguin 
 Three layers conductors:  Lapwing, Falkon  
 
Geometrical parameters are shown in Table 1. 
                                 Table 1.Geometrical parameters of conductors 

 
Type Area Overall Number and diameter of wires Lay ratio / angle of stranding 

of al / steel Diameter steel Aluminium Aluminium layers Steel 

Conductor mm2 Mm n x mm Inner middle outer core 

Turkey 13,3 / 2,2 5,04 1 x 1,68 6 x 1,68 13,5 / 81,2 _ _  - / 90 

Raven 53,5 / 8,9 10,11 1 x 3,37 6 x 3,37 13,5 / 81,2 _ _  - / 90 

Penguin 107,2 / 17,9 14,31 1 x 4,77 6 x 4,77 13,5 / 81,2 _ _  - / 90 

Lapwing 804 / 56 38,16 7 x 3,18 (9+15+21) x 4,77 12,5 / 79,3 11,5 / 77,2 10,5 / 75,3 18 / 83,4 

Falcon 806 / 102 39,26 19 x 2,62 (12+18+24) x 4,36 12,5 / 78,6 11,5 / 76,8 10,5 / 75,1 18 / 82,1 

 
The calculated value of AC/DC  resistance ratio of one layer and three layers conductor as a 
function of loading current are presented in Fig. 8.- 9. 
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Fig. 8 

Variation of AC/DC resistance of Penguin conductor  
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Fig. 9 
Variation of AC/DC resistance ratio of Falcon conductor  
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The reader can clearly see two effects from these calculations: 
The increase in ac resistance is not linear with current density.  Rather, a peak resistance is 
reached at a current density of 3 to 5 amperes/mm2 after which the resistance either flattens 
out or declines as a result of the saturation of the steel core. 
 
The AC/DC resistance ratio of the larger Falcon conductor starts at about 4% even though the 
current density is very small.  This indicates a conventional “skin effect” with such large 
conductor whether there is a steel core or not. 
 

6 INFLUENCE OF CONDUCTOR STRANDING CONSTRUCTION ON 
RESISTANCE RATIO 

The influence of stranding construction is shown for ACSR conductors of type 54/7 and 42/7 
for a Lay Ratio of 13.5*D in Fig. 10. 
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Fig. 10. 
The influence of conductor stranding on AC/DC resistance ratio 

 
For 54/7 ACSR conductors, the influence of wire diameter (Fig.11.) and temperature 
(Fig.12.) on resistance ratio are shown. 
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Fig.11. 
The influence of wire diameter to the AC/DC resistance ratio 

ACSR(7+54) 
Lay ratio=13.5 
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Fig. 12. 
The influence of conductor temperature to the AC/DC resistance ratio 

 

6.1 The effect of the lay ratio to the AC/DC resistance ratio  

In calculating resistance ratios in the preceding figures, a lay ratio:of 13.5 was maintained. 
Any change of the lay ratio has significant impact on the AC resistance [5, 7].  This 
represents a limitation on accuracy if the lay ratio is not known. 
 
As Fig.13. shows, differences in lay ratio between layers can yield a large impact on the 
resistance ratio.  A typical ACSR conductor is compared to one whose lay ratios are adjusted 
to yield a minimum magnetic field in the steel core. 
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ACSR(7+54) 
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Fig. 13.  

Ultimate difference of Rac/Rdc ratio between traditional and optimal stranding 

7 COMPARISON OF MEASURED AND CALCULATED  DC AND AC 
RESISTANCE VALUES 

7.1  Comparison between the two models decribed in Appendices A and B. 

A calculation method was developed by Muftic (Eskom) using  the MathCad software based 
on [14]. This method was based on the model in  Appendix A. Another computer program 
was developed by Güntner and Varga (VEIKI-VNL Ltd.) for AC resistance calculation. This 
program is based on the model shown in Appendix B. 

Data of ACSR 500/66 conductor: 
 

Steel core: 1+6 wires, 3.45 mm diameter 
Alu layers: 12+18+24 wires, 3.45 mm diameter 
Lay ratio of steel: 20 
Lay ratio of Aluminum layer1 (outer): 12 
Lay ratio of Aluminum layer2 (middle): 13 
Lay ratio of Aluminum layer3 (inner): 14 

 
The measured and the calculated values with two different methods can be seen in Fig. 14. 
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Fig. 14. 

Measured and calculated results for ACSR 500/65 conductor 

 

From the diagram it can be recognised that the two calculation programs give relatively the 
same results. From the diagram Fig 14. can be recognised too, that the measured AC 
resistance values are very closed to the calculated results with both of them 
computerprogram, based on the theory of uneven current and temperature distribution of 
ACSR conductors.  
 
Note that some working group members consider the model in Appendix B to be 
unnecessarily complicated and feel that it has not been shown to be theoretically valid.  
Figures B2 and B3 illustrate current loops for the core that are isolated from te rest of the 
conductor.  Core resitances occur three times in figure B2 and twice in figure B3.  This does 
not correspond to the physical conductor, in which there is only  one core resistance.   
 
The diagram in A1 and figure 6 are considered by some to be superior in that the topology  
corresponds to that of the physical conductor as illustrated in [14]. 
 

7.2 Comparison between model in Appendix A and Barret and Morgan measured 
results 

 
The following graphs indicate the comparison between the Barret and Morgan measured 
results using two and three layer conductors. 
 
7.2.1 Two layer conductor 
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Figure 15 Comparision between Barret (+) and calculated results for a two layer conductor.  
(Grackle with outer layer removed) 
 
The Figure 15 above shows the comparison between the Barret and calculated results.  Note 
that the ratio is very cloe to unity hence the apparent large scatter which, in absolute terms is 
relatively small.  The following table shows the component contribution making up the ratio. 
 

 
Table showing the components of the ratio. 
 
7.2.2 Three layer conductor 

 
The following graph shows the comparison between Barret (+), Morgan (x) and the 
calculated values for a Grackle conductor as a function of current. 
 

 
Fig 15 showing the AC/DC resistance ratio as a function of current for Grackle conductor. 
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The above figure indicates the accuracy of the model in relation to the three layer conductor. 
The accuracy is considered acceptable when compared to previous measured results. 
 
The following table shows the component of the AC/DC ratio. 
 

 
 
Table showing the components of the ratio. 

8 CONCLUSION 

The theory surrounding the current distribution in stranded conductors is well researched and 
documented. Prior to the advent of modern day mathematical programmes, it was not 
possible to rapidly calculate the AC resistance value in a short time.  This necessitated 
simplification of the detailed model to allow engineers to determine approximate values of 
AC resistance.  This sufficed whilst the current densities used were generally well below 
1A/mm2.  However, in recent time with the pressure to relieve conjestion due to trading and 
other factors being prevalent, current densities of up to 4 A/mm2 have been experienced.  
This implies that the present simplification is not sufficient.  This document has managed to 
describe the model relating to the determination of AC resistance as well as indicate the 
comparison of the use of the model to actual measurements. The example of more generalised 
model [50] in Appendix 
A allow the user to develop programmes to determine the AC resistance of any conductor 
type.  
 
In the version of mathcad described in Appendix A the temperature per layer will be 
considered as an input from main algorithm of steady state calculation . When program is 
used as a stand alone, for the purpose of analysis of AC/DC ratio for example, the uniform 
temperature distribution can be asuumed. 
 
The calculation method and flowchart of the computer program developed by Güntner and 
Varga [5, 6, 7, 8] are in Appendix B. By using the computer program and theory described in 
Appendix B the AC and DC resistance as well as the temperature rise and current distribution 
of ACSR conductors can be determined.  
 
The use of the theory was further developed to indicate the possible design of a conductor to 
eliminate the effect of current on resistance. 
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From these studies it can be recognised that the calculation method, based on the theory of 
uneven current and temperature distribution of aluminum layers is acceptable for 
determination of AC resistance of ACSR conductors. 

 

The simplified methods used previously should not be used at high current densities.  It is 
preferable that the model developed in this document be used to accurately determine the AC 
resistance in revised CIGRE  conductor temperature steady state mathematical model. 
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10 NOMENCLATURE 

A  Cross-sectional area 
As  Cross-sectional area of steel core 
d  diameter of each cubewire 
da  diameter of aluminum core 
ds  diameter of steel core 
Ds  outside diameter of conductor 
Dn  mean diameter of layer n 
Dp  mean diameter of layer p 
ƒ  frequency 
hi  pitch of aluminum wires in layer 2i 
i  index (1, 2 ….) of layer 
J  number of conductor layers 
k1  constant 
k2  constant 
n  number of conductor layers 
na  number of aluminum layers 
ns  number of steel layers 
N  effective number of turns per unit length 
R  Resistance per unit length of conductor 
R1-R3  Resistance of aluminum layers 
Rdc  DC resistance per unit length of solid cylindrical conductor 
Rs  DC resistance of steel core 
T  Temperature of conductor 
Vs  Voltage drop per unit length in steel layer 
V1-V3  Voltage drop per unit length in aluminum layers 
ω  Angular frequency (rvad/s) 
Xnn-Xss  Complex self impedance 
Xpq  Complex mutual impedance 
Xn, inner  inner mutual indicative reactance due to inner flux 
Xn, outer  outer mutual indicative reactance due to outer flux 
α20  Temp coefficient at 20°C 
δ Phase angle between total current and voltage indeed in non-ferrous wires 
ΔR  Resistance increase 
λI  lay length of layer i 
λn  lay length of layer n 
λp  lay length of layer p 
λqi  lay length of layer q 
μo  permeability of free space 
μr  complex relative permeability of the core 
ϱ  Resistivity 
ϱ 20  Resistivity at of temperature of 20°C 
ϱ a  resistivity of aluminum 
ϱ s  resistivity of steel 
↓ Phase angle between loading current and voltage induced in the aluminum layer 
↓n, inner  inner magnet flux associated with layer n 
↓n, outer  outer magnet flux associated with layer n 
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APPENDIX A 

 

a. Explanation of computer programme to calculate the AC resistance for a 
particular current 

This program was developed in MatCad, but can be easily transformed to any other 
commonly used languages. It assumes a full and comprehensive mathematical model based 
on works of Morgan, Barrett, Varga and others. One of important features here is treating a 
permeability curve as an input. It means, whenever more reliable/accurate information from 
lab measurement are available, originally assumption based on curve given by Barrett can be 
easily replaced. Also, coefficients which describe displacement of current from the center of 
wire (kio and 1- kio, in (16) above) are input which can be changed according to specific 
findings/experience). The geometry of the conductor can be any associated with a helically 
stranded conductor. It can be also be any composition of AAAC, ACSR, ACAR conductor. 
The total number of layers, however,  is limited to 7, which is sufficient for present practice. 
However, it is a simple matter to increase this limit should such a requirement arise. First 
layer is always considered to be first wire in the center  of conductor. 
 
Magnetic core loss increment was calculated using Morgan’s formula at the end of program 
only as an example. The magnetic core loss should be calculated within the same thermal 
rating algorithm once current distribution and temperature distribution are known (iterative 
process in CIGRE thermal model). 
 
The schematic diagram of three layer conductor  is represented in Fig A/1. 
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Fig. A/1 

Schematic diagram of three layers conductor  
 
 

b.  Equations of AC resistance calculation method for Mathcad model  

 
The set of equations which gives voltage drop in each individual layer can be given as 
follows based on figure 6b, 
Vs = Is  [ Rs – j Xss+ kio j Xcss]   + I1 ( j Xs1 + Xcs1)  + I2 ( -j Xs2 + j Xcs2) +  
                                     I3 ( j Xs3 + j Xcs3) + I4  ( - j Xs4 + j Xcs2)  (A/1) 
 
V1 = Is [- jX1s+ (1- kio ) j Xc1s] + I1 [R1 + j X11+ kio j Xc11] + I2 ( - j X12 + j Xc12)+ I3 ( 
j X13 + j Xc13) + I4 ( - j X14 +j Xc14)    (A/2) 
 
V2 = Is [-j X2s+ (1- kio ) j Xc2s] + I1 [ j X21 + (1- kio) j Xc21] + I2 [ R2 - j X22+ kio j 
Xc22] +I3 ( j X23 + j Xc23) + I4  ( - j X24 + j Xc24)    (A/3) 
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V3 = Is [ -j X3s+ (1- kio ) j Xc3s]+ I1 [ jX31+ (1- kio) j Xc31]   + I2 [ - j X32 +(1- kio) j 
Xc32] +I3 (R3 + j X33 + kio j Xc33) + I4  ( - j X34 + j Xc34)  (A/4) 
 
V4 = Is [ -j X4s+ (1- kio ) j Xc4s]+ I1 [ jX41+ (1- kio) j Xc41]   + I2 [ - j X42 +(1- kio) j 
Xc32] + I3 [ j X43 + (1- kio ) j Xc43] +  I4 [ R4 - j X44+ kio j Xc44] (A/5) 
 
Please note that a negative value on even number of layers is result of opposite stranding 
comparing to uneven number. 
 
The sum of layer currents must equal total current I: 
 
I = I1 + I2 + I3 + Is          (A/6) 
 
The voltage drop of each layer is equal: 
 
 V = V1 = V2 = V3 = Vs       (A/7) 
This includes the Vs for all layers of steel. 
. 
From the calculated layer currents we can get the voltage drop and then calculate the AC 
resistance as: 
 
RAC= Re (V / I)        (A/8) 
 
Although looks a little bit complicated, it can be solved rather easy using presently available 
tools. 
 
Using the algorithm explained above a program for calculation of AC/DC ratio (current 
redistribution increment) was developed.  
 

 
The programme shown in this appendix does the following:- 
 
Note that an assumption is made as to the current flowing.  The program then calculates the 
magnetic heating component Pm which is then substituted back into the heat balance equation 
to determine a new current. 
 
Input data – the data relating to the geometry of the conductor is entered.  The example given 
is that of Grackle although any conductor of any material can be entered.   
  
 
INPUT General Data 
 
Frequency, magnetic permeability of the air, specific resistance of various materials used for 
conductor construction ( exp: steel, aluminum alloy, aluminum etc) 
 Assign a code number to materials ( exp: steel Code 1, aluminum alloy Code2, aluminum 
Code 3 etc) 
 
INPUT Conductor Geometry 
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Number  of core layers, number of outer layers  ( total number of layers not to exceed 7) 
 
Starting with the inner most layer, specify material code, number of wires, diameter of wires 
in mm and lay ratio 
 
Calculate AC Current distribution by iteration. 
 
A geometry summary is then calculated which includes the lengths of strands and diameters 
of each layer and areas of steel and aluminium. 
 
OUTPUT conductor geometry matrices: 
Material code, specific resistance , number of wires in each layer, outer diameter of each 
layer, lay ratio and lay length 
 
OUTPUT A  ( cross sectional area) matrix and As ( steel core cross sectional area) matrix 
and  At ( total cross sectional area of conductor) and As ( total steel  core cross sectional 
area) 
 
 
 
The DC resistance is then calculated per layer.   
An assumption is made as to the current and the current distribution as a result of different 
strand lengths is calculated. 
 
Calculate DC resistance matrix for each layer using DC resistance  equation and total 
conductor DC resistance 
 
Calculate  DC current distribution assuming Itot= 1000 Amps and also DC voltage drop 
matrix 
 
 
The relative permeability is then calculated from the electric field strengths and reading the 
real and imaginary component off the curves (representative laboratory test results).  These 
curves can be entered by the user and the programme has indicated these curves used 
originally by Baret at al [14]. 
 
Perform Electric Field , Relative Permeability calculations assigning signs to each layer 
SGN is used as the identification of direction of stranding ensuring that + sign is always 
associated with righ-hand direction and – with opposite. Also, small algorhitm ios her eto 
ensure that first layer (steel or al is always in right direction. 
Calculate H. (assuming λ0=1000, there is confusion here as λ0 is also lay length. Also λ0 is 0, 
so how is Hh calculated for i=0 layer 
λ0=1000 is used here as an equivalent to λ0=indefinite, notice in new wersion of program this 
confusion is eleiminated by introducing correct indefinite value. 
 
 
The reactance matrix is then determined. 
 
Calculate Reactance Matrix:  
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. It is calculated exactly according to the formula gigiven for Xi,j doung all permutations for I 
and j example is given for the same Grackle which is going all the way through  a whole 
program 
INPUT current displacement assumption was assumed here as an input just to allow the 
change if thre is better knowledge of that than what Baret and Morgan have given. 
 
 
The circular flux reactance is then determined 
 
Calculate circular Flux Reactance: ( again a sample entry calculation would add value dm: 
the same princilple and similar example like for reactance matrix) Process and nomenclature 
clarification is required here. Flux matrix is calculated. 
 
From these two matrices, the impedance matrix can be determined. 
 
Calculate Impedance matrix (again a typical entry calculation would help given, dm) 
 
 
Calculate AC Current distribution by iteration. 
 
The AC current distribution is then calculated for each layer by solving the matrix eqation:  
 

[I] = [V] / [Z] 
 
 
The calculation of  new electric field and corresponding relative magnetic permeability is 
than repeated until the the balance of assumed total current (input) and calculated current is 
reached. Here, it was done in the loop of max 24 steps. Tests proved that results are 
converging to the expected balance much below this number of loops. 
 
From these results the  AC resistances are determined.   
 
Calculate Ac Resistance matrix Result 0,0.: 
 Result 0,0.  -  current vector Ip 
Result 0,1     - impedance matrix Z 
Result 0,2     - electric field vector Hh 
Result 0,3     -  total electric field strength H 
Result 0,4     - voltage drop vector ΔV 
 

The programme also calculates the actual Rac, the AC/DC ratio (current redistribution 
component), the magnetic field Bm and hence the Pm.   
 
This is not the final value but now needs to be placed in the heat balance equation from 
which a new value of Pm will be determined.  This value will result in a different current 
which then needs to go back into the loop. 
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c. Math Cad code for AC resistance calculation 
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APPENDIX B 

AC resistance calculation for multi-layer ACSR conductors according to a model 
developed by Güntner and Varga 

This program was developed by Güntner and Varga based on their research and on works of 
Morgan, Barrett, and others. One of important features here is treating a permeability curve 
as an input. The geometry of the conductor can be any associated with a helically stranded 
conductor. It can be also be any composition of AAAC, ACSR, ACAR conductor.  
The computer program was developed on the basis of theoretical model shown on Fig. B1. 
 

Ui1 

R3R1 IAII.
IAI.

I 

Ui3
Ui2

R2

Hax 

 
 

Fig. B1. 
Induced voltages and currents in aluminium layers of a three-layer ACSR conductor 

 
R1 - R3: Resistance of aluminium layers 
Ui1 - Ui3: Induced voltage in aluminium layers 
IAI - IAII: Induced current component in aluminium layers 
 
The axial magnetic field of steel core induces voltages in aluminium layers. The direction of 
the induced voltage is opposite in middle-layer, because the stranding direction is opposite in 
middle layer comparing to the first and the third one. The absolute values of induced voltages  
depend on stranding geometry of the conductor. 
The induced current of middle layer caused by induced voltages increases the resultant 
current in the middle layer, while the induced current  decreases the resultant current of first 
and third layer. The induced current decreases the induction of the steel core and the iron 
loss, while causes over-loss in aluminium layers. 
According to the test results it was verified that the highest current density is not in the 
outside layer, caused by ”skin” effect,  but in the middle-layer because of the induced current. 
For example, the current density of the middle layer of a three layer ACSR conductor 
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(500/65) is about 15-20 % higher than the average current density. The current density of 
layers depend on stranding geometry of conductors. 
The experiments have shown that the stranding geometry has a strong effect on the current 
distribution and axial magnetic field, which cause the iron loss in the steel core and over-loss 
in the aluminum layers. The uneven current distribution decreases the magnetic field strength 
in the steel core. The majority of over-loss develops in the aluminum layers, but not in the 
steel core. On the basis of test results and theoretical studies it was shown, that the loss of 
ACSR conductors can be determined only by knowing the current distribution of AL-layers. 
Therefore substitution connection and corresponding calculation method for the stranded 
multi-layer conductors was developed.   

The calculation model was developed by VEIKI-VNL Ltd (Fig. B2). The primary circuits 
substitute the aluminum layers while the secondary circuit substitutes the steel core. In the 
substitutions diagram “I” symbolizes the current in the conductor, which is equal to the sum 
of the current in each layer (I1, I2, I3). In the substitutions diagram, the secondary circuit 
symbolizes only the eddy-current and hysteresis losses. 
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X3

X2

X1
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Fig. B2. 
Model of the conductor completed with secondary circuits 

The upper secondeary circuit symbolise the loss in the steel core caused by the axial flux that 
is generated by the current of the aluminum layers, and the effect of the axial flux of the steel 
core to the uneven current distribution of the aluminum layers. 
The lower secondary circuit symbolise the inner inductance and resistance (modified by the 
skin effect) caused by the circular magnetic flux generated by the current in the steel core .. 
 
Equations based on model Fig. B2.  

 

I1·(R1+jX1) - I2·jX1,2 + I3·jX3,1 - IS-ax·jXS-ax,1 = U 
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-I1·jX1,2 + I2·(R2+jX2) - I3·jX2,3 - IS-ax·jXS-ax,2 = U 

I1·jX3,1  - I2·jX2,3 + I3·(R3+jX3) - IS-ax·jXS-ax,3 = U 

-I1·jXS-ax,1 + I2·jXS-ax,2 - I3·jXS-ax,3 + IS-ax·(RS-ax+jXS-ax) = 0 

I1 + I2 + I3 + IS = I 

IS·RS + IS·jXS + IS-tang·jXS-tang,S = U 

IS-tang·(RS-tang+jXS-tang) - IS·jXS-tang,S = 0 

 
The circular magnetic flux and loss generated by the current in the steel core is difficult to 
calculate, because the steel core consists of separate strands. This parameter should be 
established by measurements. 
Theoretical calculations and laboratory measurements proved that the circular magnetic flux 
flux caused by the current of the steel core is negligible. Therefore the model could be 
simplified, as shown in Fig. B3. 
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I 
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I2 

I1 

IS 

XS-ax 

 
 
 

Fig. B3. 
Corrected model of multi-layer conductors 

Rs-tang and Xs-tang of the Fig.B2. can be "built into the primary circuit", and it is taken into 
account in the values of Rs and Xs. 
Rs theoretically contains the loss caused by the circular magnetci flux in the steel wires. The 
circular magnetic flux in the steel wires causes skin-effect that increases the loss of steel 
wires. Since penetration depth is about 3mm at 50 Hz, this effect is negligible. Therefore, the 
DC resistance is used for Rs. 
 
Modified equations based on model Fig. B3.  

49 



I1·(R1+jX1) - I2·jX1,2 + I3·jX3,1 - IS-ax·jXS-ax,1 = U 

-I1·jX1,2 + I2·(R2+jX2) - I3·jX2,3 - IS-ax·jXS-ax,2 = U 

I1·jX3,1  - I2·jX2,3 + I3·(R3+jX3) - IS-ax·jXS-ax,3 = U 

-I1·jXS-ax,1 + I2·jXS-ax,2 - I3·jXS-ax,3 + IS-ax·(RS-ax+jXS-ax) = 0 

I1 + I2 + I3 + IS = I 

IS·RS + IS·jXS  = U 

 
Parameters of aluminum layers: 
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Parameters of secondary circuit: 
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where: 
Rs= DC resistance of steel core (see note 2)  
i= index of layer (i=1 .. 3 for three layers) 
l= length of conductor 
ni= number of wires in the layeri
nst= number of wires in the steel core 
ri= radius of wires in the layeri
Di= outer diameter of layeri
Ni= number of turns of wires in layeri

μr= relative permeability of steel 
μreal= real component of permeability of steel 
μim= imaginary component of permeability of steel 
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All parameters except the relative permeability values are known from conductor data sheets. 
Relative permeability curves of steel core shall be determined by measurements. Values 
measured in VEIKI-VNL Ltd. are shown in Fig.B4. 
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Fig. B4. 

Relative permeability of steel core  

These curves are approximated by the following polinoms: 

 

Relative permeability (µ) y = -1-07x3 + 0,0003x2 - 0,1084x + 78,19 
Phase angle of relative permeability (φ) y = 7-09x3 - 2E-05x2 - 0,0174x + 88,467 
Real part of relative permeability (µreal) y = -9-08x3 + 0,0003x2 - 0,1105x + 6,2951 
Imaginary part of relative permeability (µimag) y = -6-08x3 + 0,0002x2 - 0,0351x + 75,644 
 

Computer program was developed based on calculating method and substituion diagram ( 
Fig. B6). Fig. B8 shows.the calculated results for ACSR 500/65 conductor.( DC, AC 
resistance, AC/DC resistance ratio)  
 
 
 
 

Verification of the calculation method by comparison with Measurements 

The results obtained from the calculation method (using a proprietory programme TENDER) 
were verified by laboratory measurements of ACSR conductors, with different cross sections 
and stranding angles. Fig.B5. shows the calculated and measured AC-resistance of ACSR 
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500/65 conductor with respect to loading current of the conductor. The maximum difference 
between calculated and measured values  of Fig. B5 was less than 1,5 % [7, 8]  . 
 

ACSR 500/65 (three layers)     St (1+6)*3,45     Al (12+18+24)*3,45
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Fig. B5. 
Calculated and measured AC resistance as a function of loading current ( ACSR 500/65) 

 
Fig. B6 shows AC-resistance values of four ACSR 500/65 conductors, with different 
stranding geometry (I.-IV.) and with the same cross section. 
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Fig. B6 
Variation of AC resistance as a function of stranding geometry for four different  

constructions 
 

The Fig. B6 explains the variation  of AC resistance in relation to the variation  of axial 
magnetic field in conductor. The variation of axial magnetic field depends on lay-ratios of 
AL wires. Hnew/Hconv symbolise variation  of geometry of ACSR conductor with 3 aluminium 
layers with the same aluminium cross section [10, 44] .  
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The deviation of 16 measured and computed  AC resistance values is less, than 1,5%   The 
verification  of calculated method was carried out with measured values of KEMA ( The 
Netherlands) and Furukawa(Japan) also. KEMA carried out the laboratory tests of 
conventional and low-loss ACSR CARDINAL conductors [5,6]. The measurements were 
carried out for both type of conductors within conductor temperature range of 20-120 °C and 
loading current range of 200-1600 A. The measured and computed values in 96 points were 
the same within 1-2,5%. Comparison of AC resistance ratio, measured by  Furukawa and 
calculated  by computer program are shown in Fig. B7. The maximum variation between the 
measured and calculated values is 2 %. The calculation  method, which defines all the 
electrical and mechanical parameters of any kind of stranded conductors is available in form 
of a computer program. 
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Fig. B7. 
 

Comparison of AC-resistance ratio, measured by Furukawa and calculated by computer 
program developed in Research Laboratory of VEIKI 

 
AC resistance calculation using computer program developed by Güntner and Varga 
 
Computer program was developed using substitutional diagram and equations. The calculated 
results shows Fig B8. 
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Fig. B8. 
Calculated results using VEIKI-VNL software made by Güntner and Varga 

 
Example: RDC at 80°C = 0.07 Ω/km 

AC resistance ratio (K=RAC/RDC) at 1000 A and 80 °C = 1.039 
 
Data of ACSR 500/66 
Steel core: 1+6 wires, 3.45 mm diameter 
Alu layers: 12+18+24 wires, 3.45 mm diameter 
Lay ratio of steel: 20 
Lay ratio of Aluminum layer1 (outer): 12 
Lay ratio of Aluminum layer2 (middle): 13 
Lay ratio of Aluminum layer3 (inner): 14 
 
Fig. B8. shows AC resistance in function of loading current. 
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Fig. B9. 

Measured and calculated results for ACSR 500/66 conductor 

From the diagram it can be recognised that the two calculation programs give relatively the 
same results. From the diagram Fig B9. can be recognised too, that the measured AC 
resistance values are very closed to the calculated results with both computer programs, 
based on the theory of uneven current and temperature distribution of ACSR conductors.  
 
It can be recognised too, that the calculation method, based on the theory of uneven current 
and temperature distribution of aluminum layers is acceptable for determination of AC 
resistance of ACSR conductors. 

Flowchart of the computer program for AC resistance calculation as follows: 
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Flowchart of AC resistance calculation 

Determination of relative permeability (μrr) and loss angle (ϕ) of steel core  
by measurement as a function of magnetic field strength (Hax) 

μr = f (Hax)   ϕ= f (Hax) 
 

Assumption of conductor-temperature (Tcond), max. load current (Imax) and  
ΔΗax , for the calculation 

 
Determination of μri and ϕi depending on Hax,i, using 

μr = f (Hax) and ϕ = f (Hax)  diagrams 

 
Calculation of self-reactances (Xi , XS), mutual reactances (Xij),  

resistances of Al-layers (Ri) and secondary circuit parameters (RS, XS) 
 (Ri), (Xi , Xij), (RS ),(XS) = f(ρ, μρ,ι , ϕι , Tcond , geometry), 

 
Determination of relative layer-currents by solving the equations: 

I1(R1+jX1)-I2jX12+I3jX31-ISjXS1=U 
-I1jX12+I2(R2+jX2)-I3jX23+ISjXS2=U 
I1jX31-I2jX23+I3(R3+jX3)-ISjXS3=U 
-I1jXS1+I2jXS2-I3jXS3-IS(RS+jXS)=U 

I1 + I2 + I3 +Is= I 
ii=Ii / I 

 
Determination of current, depending on field strength  
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Plotting load current - AC resistance diagram 

RAC = f (I) 
 

Restart calculation with assumption of new magnetic field strength 
Hi+1 = Hi + ΔH 

END
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APPENDIX C MEASUREMENT OF AC RESISTANCE 

1. Principle of measurement 

If a conductor is powered with AC current, the impedance (Z) consists of its resistance (RAC) 
and its inductive reactance (XL) as shown in Fig. 1. The RAC component is higher than the 
resistance at DC (RDC). 

XL 
Z 

ϕ RAC 

RDC  
Fig 1: Impedance of the conductor 

The AC resistance is basically measured the same way as the DC resistance, but the measured 
voltage drop will be the vector sum of the voltage on the resistive component, which is in 
phase with the current (U*cosϕ), and the voltage on the inductive component, which is 
perpendicular to the current (U*sinϕ). 

U*sin ϕ 
U

ϕ U*cos ϕ
 

Fig 2: Components of the voltage drop on the conductor 

Therefore, the AC resistance is calculated as: 

I
URAC

ϕcos⋅
=  

where 

U is the measured voltage drop on the unit length of conductor, 
I is the current, 
ϕ is the phase angle between the measured voltage and the current. 

2. Test arrangement 

The tested conductor is fixed in a test span and it is stressed with the required force. A 
conductor length of 5 m is preferred. The voltage induced by the test current in the loop 
formed by the tested conductor and the test leads shall be kept as low as possible. For 
reducing the loop area, a good practice is leading the test cables alongside the conductor to 
the middle, than leading to the measuring instruments by twisted cables (Fig. 3.).  
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 AC current 

source

Measuring instrument 
 

Fig 3: Test arrangement 

The current is measured by a current transformer and/or shunt or current probe, depending on 
the input of the measuring instrument. 

3. Measuring instrument 

The measuring instrument can be any two-channel device, which enables accurate 
measurement of the voltage, the current and the phase angle between them. Selection can be 
made from practical aspects. Examples for suitable devices are as follows: 

Wattmeter (power analyser):State of the art power analysers usually are accurate and provide 
direct reading of the required quantities. The voltage input shall be sensitive enough to 
measure the voltage drop, which is in the mV range. An additional amplifier on the voltage 
input may be required. 

Digital storage oscilloscope or transient recorder:The sensitivity of the inputs and the 
accuracy are usually good, but the input is not designed for current transformers, therefore a 
shunt is required together with the CT, or a current probe can be used.   

4. Result of the measurement 

In most cases, the measured AC resistance is compared with the DC resistance and expressed 
as the ratio of them (RAC/RDC or RAC-RDC/RDC in percents). Resistance values measured at the 
same conductor temperature are compared. 

While the DC resistance depends on the conductor temperature only, the AC resistance 
depends on both the temperature and the current. Measurements at different temperature -
current pairs are suggested.  

Notes: 

- The difference between the AC and the DC resistance is only a few percent; therefore 
accuracy of both the AC and the DC measurement is essential. 

- The test time should be minimised to avoid undesired heating of the conductor with the 
test current. 
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