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Abstract. Transmission conductors used in overhead power
lines are typically helically stranded and often have a steel core to
give the conductor mechanical strength and outer strands of
aluminium or aluminium alloy to provide the current carrying
capacity. The presence of a magnetic core has several effects on
the behaviour of the conductors, such as the presence of an axial
component of the magnetic field which interacts with the current
of the different layers of conductive strands wound helically
around the magnetic core. This has a major effect on the
alternating current (AC) resistance of the conductor, which can
be very different from the direct current (DC) resistance. When
applying dynamic line rating (DLR) approaches, the surface
temperature of the conductor is typically measured due to the
inability to measure inside the conductor, but the average
temperature determines the true value of the resistance. In this
work, a thermal model of the conductor is used to account for the
radial temperature distribution to more accurately determine the
resistance of the conductor and the temperature coefficient of the
resistance. The experimental results presented show the potential
of the proposed method.
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1. Introduction

To meet decarbonisation targets, there is a growing trend
towards increased renewable energy generation and
electrification. It is therefore of paramount importance to
enable the efficient, safe and reliable operation of
transmission and distribution lines [1], [2]. This growing
demand for electrical energy inevitably leads to effective
congestion of existing power lines, making it essential to
optimise their capacity [3]. An attractive strategy for
power line capacity optimisation is to apply DLR
approaches, which are essentially based on adjusting the
maximum current capacity (also known as ampacity) of
the line according to the actual weather conditions [4], [5],
which have a significant impact on the maximum capacity
of the line, which in turn is determined by its thermal
rating. Dynamic line rating is based on solving the
conductor's heat balance equation and determining its
weather-related maximum current capacity according to
the actual weather conditions, so that a given conductor
temperature is not exceeded [6].
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Therefore, DLR approaches typically require on-line
measurement of the surface temperature and the current
flowing through the conductor using dedicated sensors,
as well as the actual weather conditions (solar irradiance,
air temperature, and wind parameters) [7], [8].
Aluminium  conductor  steel-reinforced  (ACSR)
conductors are widely wused in transmission and
distribution lines. These conductors consist of a core
composed of galvanised steel strands used to increase the
mechanical strength [9] surrounded by various layers of
stranded aluminium or aluminium alloy strands wound in
opposite directions, and used for current carrying
purposes. Their thermal rating is essentially determined
by their maximum permissible temperature [10], which in
turn is determined by the sag they experience in high
temperature operation. For ACSR conductors, this limit
is typically around 80 °C [11], as this temperature ensures
safe clearances to earth and nearby conductors [10].

The main source of conductor heating is the internal
power dissipation due to resistive losses, which increase
with conductor temperature due to the positive value of
the temperature coefficient of resistance. Therefore, it is
very important to accurately determine such power losses
when designing DLR approaches, and specifically the
mean temperature of the conductor instead of the surface
temperature and the temperature coefficient of the
resistance. It should be emphasised that the conductor has
a radial temperature gradient, since the inner strands are
hotter than the surface, where radiative and convective
cooling effects occur. However, this radial temperature
distribution depends on several effects, including the
laying ratio, the number of layers and the material of the
strands, the magnitude of the current, and the air trapped
between the strands [7].

Most of the available models ignore the radial
temperature distribution [10], [12], [13], although this
effect can have some impact, especially at high current
densities [14], with differences of more than 10°C
reported in some cases [10], [14].

Using a thermal model of the conductor that accounts for
the radial temperature distribution, and experimental
measurements of the current passing through the
conductor, this paper proposes a method to better



determine the average temperature of the conductor and
the temperature coefficient of resistance, with the aim of
obtaining an accurate prediction of the resistive losses in
ACSR conductors.

The paper is organised as follows. Section 2 develops the
characteristics of ACSR conductors. Section 3 gives full
details of the experimental part. Section 4 presents and
discusses the results obtained and finally section 5
concludes the paper.

2. The particularities of ACSR conductors

ACSR conductors belong to the family of steel reinforced
conductors. The presence of a magnetic core gives these
conductors a special behaviour. In such conductors, the
AC resistance is not only temperature-dependent, as in
conductors consisting only of aluminium or aluminium
alloy strands, but also current-dependent. Because the
aluminium wires are wound helically around the
galvanised steel core, there is an axially distributed
magnetic flux within the steel core, the strength of which
increases with the magnitude of the current flowing
through the conductor [10]. As the adjacent layers of
aluminium wires are helically wound in opposite
directions, their individual currents generate axial
components of the magnetic field in opposite directions
which tend to cancel each other out. Under AC excitation,
the effect of the axial component of the magnetic flux is to
induce hysteresis losses and eddy currents in the core,
which in turn tend to alter the distribution of current
density in the different aluminium layers. This effect is
known as the transformer effect [9]. The magnitude of the
axial component of the magnetic flux through the steel
core depends on the intensity of the current passing
through the conductor, the AC frequency, the lay length
and the magnetic properties of the material of the steel
core [15], the latter depending on its actual temperature
and tensile stress [16]. Therefore, all the combined effect
of all these parameters alters the value of the AC resistance
of ACSR conductors [9], which is temperature and current
dependent. It should be noted that due to the non-linear
behaviour of the magnetic core, there are no valid
formulations for determining the AC resistance of stranded
conductors with magnetic core.

3. The experimental setup

This section describes the equipment and materials used in
the laboratory experiments, including the ACSR
conductors, sensors and instrumentation for measuring AC
resistance, voltage drop and phase shift between voltage
drop and current.

ACSR conductors have different AC resistance behaviour
depending on the number of aluminium layers. The
magnetic flux interaction between the aluminium layers
and the steel core increases the AC resistance. Two-layer
conductors experience significant axial flux cancellation,
minimising the current dependency, while three-layer
conductors have a low dependency and single-layer
conductors have the highest dependency.

55

This paper examines the three-layer 550-AL1/71-ST1A
conductor and the two-layer 135-AL1/22-ST1A
conductor, the detailed parameters of which are given in
Table I. A single-layer conductor was derived from the
two-layer conductor by removing the outer aluminium
layer. The three-layer version has a 7-strand steel core
and 54 aluminium strands in three layers (7/54), while the
two-layer version has a 7-strand steel core and 26
aluminium strands (7/26). The single layer version is
7/10.

Figure 1 shows the cross-section of the three-layer
conductor (550-AL1/71-ST1A), the two-layer ACSR
conductor (135-AL1/22-ST1A) and the single-layer

conductor obtained by removing the last layer of the two-
layer conductor.

Steel: 1/6

Steel: 1/6 Al: 10/16

Al: 10

a) b)

Steel V6
Al 12/18/24

)
Figure 1. Cross Section Schematics of a). single layer b). two layer
and, c). three layer conductor

Table 1. Key parameters of two-layer (135A1/22-ST1A) and
three-layer (550-AL1/71-ST1A) ACSR conductors

Symbol Description  [Three Layer| Two Layer | Unit
R DC resist. at 20°C 0.0526 0.2038 Q/km
D Conductor diameter 324 16.3 mm
Du Alu@mum wire 3.6 2.57 mm
diameter
Dgieer  |Steel wire diameter 3.6 2 mm
Number of 54
Nat | o luminium wires | (12/18/24) | 26 (10/16) |-
No Numbe'r of steel 7 7 i
wires
Aa |Area of aluminium 549.7 134.9 mm?
Asteel Area of steel 713 22 mm?
| Almassperunit | g5 03717 | kg/m
length
M| StCCIMASS perunit | 5503 0.1728 | kgm
length

AC resistance and conductor temperature were measured
under various laboratory conditions. A variable high
current transformer (10 kVA, 380 V/4 V, output current:
0-2.5 kA, Transcir, Montcada i Reixac, Spain) was used
to generate the required test current.



For analysis, the ACSR conductors were arranged in a low
impedance circular loop connected to the high current
transformer as shown in Figure 2. The conductor length
used for the tests was 5.5 metres.

QEW

DAQ DAQ
Vv, 1 temperature

transformer
high current

ACSR Conductor

a)
ACSR
Conductor \

Figure 2. Experimental setup for testing the ACSR conductors)
Experimental tests carried out on ACSR conductor loops
measured the current flowing through the loop, the voltage
drop across a one metre length of conductor, the
temperature at the surface of the conductor and the phase
shift between the voltage drop and the current. Figure 2b
shows a schematic of the experimental setup.

The current in the test loop was measured using an i3000s
Flex Rogowski coil (sensitivity: 1 mV/A, Fluke
Corporation, WA, USA) connected to an NI USB-6356
data acquisition system (National Instruments, Dallas, TX,
USA) with a voltage accuracy of 564 microvolts.

Conductor surface temperatures were measured using T-
type thermocouples (accuracy: +0.8°C) connected to an
OMB-DAQ-TC-RACK  thermocouple  input data
acquisition system (accuracy: £0.2°C, Omega, Hungary).
Data acquisition from the OMB-DAQ-TC-RACK and NI
USB-6356 systems was synchronised using custom Python
code developed by the authors.

4. Results and discussion

Single-layer, two-layer, and three-layer ACSR conductors
are being analysed for resistance variation with
temperature. The surface temperature of the conductors

0 - 10 Volt
0— 2.5k Amps 0 - 400 Volt

56

and their AC resistance were measured at different
current levels. Due to the presence of a steel core, the
current level has a significant effect on the AC resistance,
which prompted a detailed analysis for all three
conductors under different conditions.

During these measurements, the temperature coefficient
of resistance a was determined experimentally, providing
a basis for its application in Dynamic Line Rating (DLR)
models for conductor analysis. However, the temperature
difference between the conductor surface and the core
suggests that the actual a values may differ from the
experimental results, and these adjusted values are
referred to as dayg.

To overcome this, an approach has been adopted to
define the average alpha values by calculating the
average conductor temperature using a simulation model.
This model matches the surface temperature to the
experimental values while estimating the temperature
distribution across the radial direction of the conductor,
which decreases from the core to the surface. Figure 3
shows the surface temperature (experimental and
simulated), core temperature and average temperature for
all three conductors, together with the variation in AC
resistance as a function of conductor type and
temperature.

Table II presents the results, highlighting the significant
variation in alpha and average alpha values with changes
in current. For the single-layer conductor, alpha increases
from 0.00462 to approximately 0.005 as the current
decreases from 220 Amps to 75 Amps. In contrast, for
the two-layer conductor, alpha remains constant at
0.00351 across different current levels. For the three-
layer conductor, alpha values are 0.00458 at 1020 A and
0.0047 at 310 A.

Table II. ACSR conductors. Comparison of the measured
Osurface (Measured) and cave (obtained with the radial model of
the conductors).

Conductor Current Qsurface Qavg
Type (A) (x10-%) (x103)
Single-layer 220 4.62 4.52
conductor 145 4.82 4.66
75 5.09 4.84
Two-layer 200 & 390 3.51 3.37
conductor
Three-layer 1020 4.58 4.52
conductor 310 4.7 4.62

The results also show that changes in the core and surface
temperatures of the conductor result in reduced oy,
values. For the single-layer conductor, o, decreases
from 0.00462 to about 0.00452 at 220 Amps and about
77°C, from 0.00482 to 0.00466 at 145 Amps and almost
49°C, and from 0.005 to 0.00484 at 75 Amps and
31.35°C. The average temperature also deviates from the
surface temperature by almost about 0.5 to 1.0°C. In
contrast, for the two-layer conductor, a..,, decreases from
0.00351 to 0.00337 for both 200 Amps (45°C) and 390
Amps (87°C). For the three-layer conductor, ource and
Oavg shift from 0.00458 to 0.00452 at 1020 A (85°C) and
from 0.0047 to 0.00462 at 310 A (28°C).



The results clearly show that different current levels have a
significant effect on the total AC resistance and « values
of a single-layer conductor. This effect is also observed in
a three-layer conductor, whereas in a two-layer conductor
the effect is negligible. In addition, the temperature
difference between the core and the surface affects the au.g
coefficient, which could be used to develop more accurate
models for Dynamic Line Rating (DLR) approaches.
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Figure 3. Temperature change and temperature coefficient of
resistance for single-, two-, and three-layer conductors.
Subfigures 3a, 3b, and 3c show the surface, core, and average
temperatures, while subfigures 3d, 3e, and 3f show the G face
(experimental) and o, (simulated) values for single-, two-, and
three-layers conductors respectively.

5. Conclusion

This paper has focused on a more accurate determination
of the average temperature of ACSR conductors and its
effect on the AC resistance, as resistive losses play a
leading role in the development of thermal models of
such conductors for Dynamic Line Rating (DLR)
applications. It was explained that due to the complexity
of stranded helically wound conductors with non-linear
magnetic core, the AC resistance is not only temperature
dependent but also current dependent, so that
experimental results are required to better describe this
phenomenon. Therefore, this combined effect makes it
impractical to obtain exact formulae to determine the AC
resistance of stranded conductors with a magnetic core.
The experimental results show significant variations in
AC resistance and coefficient a for different conductor
types and current levels. Although single-layer and three-
layer conductors show a significant dependence on
current, this effect is almost negligible for two-layer
conductors. Furthermore, the temperature difference
between the core and the surface causes deviations in the
average temperature coefficient of resistance 0Oy,
demonstrating the importance of considering radial
temperature distributions when modelling the behaviour
of conductors.

The proposed thermal model, which aligns simulated and
experimental surface temperatures and accounts for radial
temperature gradients, provides a more accurate method
for determining average conductor temperature and



resistance. This approach can improve the accuracy of
DLR models by incorporating aavg values that reflect real
world conditions. The results of this work will help to
improve the thermal and electrical modelling of ACSR
conductors, enabling more reliable and efficient use of
transmission lines in dynamic operating environments.
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