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Abstract: With advancements in cable manufacturing processes, the physical parameters of
certain cable conductors fall outside of the scope specified by the IEC60287-1-1 standard,
and the alternating current (AC) resistance calculated using the IEC standard may lead
to reliability issues in the thermal evaluation of cable lines. Therefore, conducting an AC
resistance test on cable conductors becomes critical for the thermal evaluation of cable lines.
The source of error in the existing AC resistance test was analyzed first. It was found that
the characteristics of the source used in the test lead to an error between the test value and
the actual value of AC resistance. Moreover, an optimized AC resistance testing method
based on active power was proposed to decrease the error. The accuracy of the method
was also demonstrated. Finally, AC resistance tests were conducted on cable conductors
with different cross-sectional areas, segmental methods, and oxidation methods by using
the proposed method. The test results are also thoroughly discussed.

Keywords: cable manufacturing processes; IEC standard; AC resistance; active power

1. Introduction

As a kind of compact and reliable transmission equipment, power cables are widely
used in the construction and renovation of urban power grids [1-5]. However, due to
the contradiction between the rapid growth of the demand for electrical energy and the
increasing challenges of establishing new transmission corridors, it is critical to focus on
enhancing the ampacity of existing transmission lines [6-9]. Since the ampacity of a cable
is determined by its maximum operating temperature, the thermal evaluation result of a
cable is the basis for load scheduling. Currently, the thermal evaluation of a cable is mainly
carried out based on the IEC standards, which utilize the load, the physical parameters
of the cable, and environmental parameters to perform a thermal evaluation, as shown in
Figure 1 [10-14].

The alternating current (AC) resistance of a cable conductor is directly correlated
with the cable’s heat generation within the physical parameters of the cable. Therefore,
advanced conductor manufacturing techniques have been implemented to decrease the
heat generation of the cable, such as stranded conductors and segmental conductors. The
value of the reference parameter of these conductors is specified by the IEC standard,
which is applied to the conductors with a cross-sectional area of 1600 mm? or less [15-17].
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However, the scope of application specified by the IEC standard is not suitable to new cable
conductors, such as conductors with large cross-sections (>1600 mm?) and oxidation [18],
resulting in reliability issues in the thermal evaluation of cable lines [19-21]. Therefore,
testing AC resistance is essential to conduct a thermal evaluation of cable lines. The methods
of measuring conductor AC resistance are mainly divided into the thermal measurement
method and electrical measurement method [22,23]. The thermal measurement method
derives the AC resistance from the heat generated by the conductor and the material
parameters of each layer. However, due to the long preparation time and large errors faced
with this method, its application is limited. In contrast, the voltage—current phase difference
method calculates AC resistance by measuring the voltage and current at both ends of the
cable conductor and the phase difference between the two, which has the advantages of
simple operation and high accuracy, so it is widely used. Research on the calculation and
experimental measurement methods of the alternating current (AC) equivalent resistance of
cable conductors has not yet established any industry standards, nor have widely adopted
methods and measurement devices been developed. Analyzing the existing measurement
methods and equipment has revealed that each method has its own limitations, making it
difficult to meet large-scale testing demands in future engineering applications. Further
research and explorations of new measurement methods and devices are still required to
improve the accuracy and reliability of AC equivalent resistance measurements [24,25].
Therefore, an error analysis of existing AC resistance electrical measurement methods was
conducted in this paper. The results show that the error between the test value and the
actual value of AC resistance is inevitable due to the characteristics of the source used in
the test. Secondly, an optimized AC resistance testing method based on active power was
proposed. Thirdly, AC resistance tests were carried out on cable conductors with different
cross-sectional areas, segmental methods, and oxidation methods. Finally, the influence of
these three physical parameters on the AC resistance of cable conductors was discussed, as
well as the limitations of the IEC standard based on the test results.

Load —7 Heat Generation
" v\c\xt;v"“\ ¥
Physical. 1 |  cable Thermal | Temperature of
Parameters\ | Evaluation Model | Cable Conductor
Environmental )
Parameters —j Heat Dissipation
|nput OUtpUt

Figure 1. Cable thermal evaluation model in IEC standard.

2. Theory of the Optimized Method
2.1. Error Analysis of AC Resistance Test Results for Cable Conductors

Currently, the current amplitude Iy, the voltage amplitude Uy across the cable conduc-
tor, and the phase difference 6 between the current and voltage are measured to derive the
test value of the cable conductor’s AC resistance, as Equation (1) shows:

U
R="2cost (@)
Iy

Clearly, since the derivation of Equation (1) is based on the phasor, it requires both the
voltage and current to have sinusoidal waves of the same frequency. The AC resistance
testing circuit is recommended by the report of CIGRE TB 894 [24], as shown in Figure 2.
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Figure 2. Wiring method for AC resistance testing circuit in CIGRE TB 894.

Currently, the combination of a voltage regulator and a transformer is typically used
for the source of the testing circuit shown above. There are mainly two types of voltage
regulators; one type is the auto-transformer, which adjusts the voltage by altering the
positions of the electric brushes. However, issues such as brush wear, aging, and poor
contact arise over time, resulting in the distortion of the output voltage. Figure 3 illustrates
the output voltage from a source using an auto-transformer. It was found that the voltage
deviates from the ideal sinusoidal waveform.

A ’— Voltage Current A
1.0 \ 11.0
Distorted output voltage
0.5 40.5
L 4 ~
S 0.0 0.0 =
0S5 —4-0.5
1.0 1-1.0
0 5 10 15 20

Time (ms)
Figure 3. Output voltage of auto-transformer voltage regulator.

The other type is the power electronic voltage regulator, which adjusts the voltage by
altering the waveform of the input voltage. Obviously, distortion is bound to be introduced
into the source [26].

Therefore, it is necessary to analyze the error between the test values and actual values
of AC resistance under the distorted voltage and current. Suppose a voltage U contains up
to the m-th harmonic; the expression of U is given by the following:

U=y " Agcos(kwt) 2)
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where Ay is the amplitude of the k-th voltage harmonic; () is the angular frequency of the
power frequency.
When U is treated as a sinusoidal wave U*, the expression of U* is given by
Equation (3):
u* = Ap cos(wt) (3)

where A is the maximum value of U. When ¢ = 0, Equation (4) is deduced:

A=Y Ay 4)

Similarly, for a current I containing up to the n-th harmonic,

I=Y"  Bicos(kwt+kf) (5)
I" = By cos(wt +0) (6)
B=Y B )

where By is the amplitude of the k-th current harmonic; B is the amplitude of I. Therefore,
according to the superposition theorem, the test value R* and the actual value R can be
determined using Equations (8) and (9), respectively:

Aq

1 8
R B, cos 6 (8)

A Yilq Ak
R* = —cosf = =="_""cos 0 9
B 2112:1 Bk ( )

It is clear that R* is not equal to R. In other words, there are errors between the test
value and the actual value of AC resistance under the distorted voltage and current. The
reason for the errors is that only the maximum values of the voltage and current are used
for the derivation of AC resistance. Therefore, it is necessary to propose a new testing
method for AC resistance based on the measured data.

2.2. Optimized Method of AC Resistance Test Based on Active Power

To decrease the error between the test value and the actual value of AC resistance
under the distorted voltage and current, an optimized method based on active power is
proposed in this paper [27,28]. For voltage data points u(f;) and current data points i(fy), at
the sampling time #, the active power can be calculated using Equation (10):

p(te) = u(te)i(ty) k=0,1,...,n (10)

where p(t;) is the active power of the cable conductor at #; n is the number of data points.
The total active power P is calculated by the Simpson interpolation method, as shown in
Equation (11):

p= %[p(to) +ap(t) +2p(ta) +4p(ta) + ... +4p(tu1) + p(t)] (11)

where At is the sample interval of the measured data. Next, the root mean square (RMS)
value of the current I can be calculated using Equation (12):

. \/zk (161 _ W RONE \/221 2(1) W

t nAt n
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The value of AC resistance per unit length of the conductor Rac is given by
Equation (13):

Ric = 77 (13)
where L is the length of the tested cable conductor.

The optimized method utilizes all measured data of the voltage and current, which
take into account the distortion of the voltage and current when testing AC resistance. It is
worth noting that if the waveform is different for each test, then the calculated value of the
AC resistance of the cable should also be different. Subsequently, an AC resistance testing
system is established to validate the optimized method’s results.

3. Design and Verification of AC Resistance Testing System

In this section, an AC resistance testing system is established first. And an accuracy
verification test of the optimized method is then performed using the testing system,
which provides the experimental foundation for subsequent AC resistance tests of different
cable conductors.

3.1. The Design of the AC Resistance Testing System

The structure of the cable conductor’s AC resistance testing system consists of four
main components, the source, the testing circuit, the sample cable, and the data processing
unit, as shown in Figure 4. The experimental platform is shown in Figure 5.

The source of the testing system consists of a voltage regulator and a transformer.
During testing, the output voltage of the voltage regulator can be adjusted to control the
current passing through the sample cable. Firstly, the sample cable is stripped to expose the
conductor. Meanwhile, clamps with a fastening structure are used to connect the conductor
and the testing circuit. Secondly, to decrease the influence of the external electromagnetic
wave during the test, the voltage measurement leads are securely attached to the surface
of the cable. Additionally, the ends of the voltage leads are spirally wound before being
connected to the measurement module. Thirdly, temperature sensors are installed on the
conductor of the sample cable by perforation, as shown in Figure 6. Therefore, real-time
monitoring of the conductor temperature is applied for the test to ensure the sample cable
has a stable temperature. Finally, the voltage and current data can be stored and exported
through the data processing unit.

I
: Data Processing Unit —L !

| |
I
| I
| Y : Data Analysis II
| |
I
| |
I

I
I
I
Module |D I
I
I
I

> I A
Voltage |
Regulator | Current ar
l Transformer Y
— — — _ Iransformer ) S ==

Figure 4. Testing system of cable conductor’s AC resistance.
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Figure 5. The actual installation of the experimental platform.

Thermal signal
monitor «—

Temperature section

Figure 6. Installation method for thermal signal monitor.

3.2. Steps of AC Resistance Test

As shown in Figure 7, the AC resistance test of the cable conductors follows the

steps below:

@)

@

®)

4)

Installing the Sample Cable: Choose clamps to match the cross-sectional area of the
sample cable conductor. Then, connect and fasten the sample cable to the clamps.
Meanwhile, install thermal signal monitors on the sample cable.

Connecting the Testing Circuit: Connect the source, the testing circuit, the sample
cable, and the data processing unit, as shown in Figure 4.

Conducting the Test: Applying the specified current to the sample cable causes the
cable to heat up. If the temperature variation ATy, of the cable conductor remains
within 1 °C for one hour near the target temperature, the cable conductor’s tem-
perature is considered to be stable. After this, multiple sets of voltage and current
data should be recorded. Repeat the test by varying the current through the cable
conductor and set the conductor temperature to the recommended temperatures of
40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. Ensure that the temperature points of these
settings are all traversed.

Deriving AC Resistance at Different Temperatures: Export the measured voltage and
current data of the sample cable. Then, for each temperature of the sample cable,
calculate the AC resistance of the conductor using Equations (10)—-(13). Then, calculate
the average value as the AC resistance of the cable conductor for each temperature to
obtain a set of AC resistance data at different temperatures.
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(5) Deriving AC Resistance at 20 °C: Perform linear fit of the AC resistance-temperature
curve R(T) by using the AC resistance-temperature data obtained in step (4). Then,
obtain the AC resistance of the sample cable conductor at 20 °C based on R(T).

sa mple cable

Installation of j Step(1)

Y

Step(X
Circuit connection tep(2)

vy

™~
Apply load
A
/ ATp<1C? F
Step(3)

Tv=

Exportu andi ]
Has the speclf'ed test
temperature been
traversed?
Calculation of ,
Step(4)
[ AC resistance J

Calculation of AC
Step(=
[ resistance at 200C ) ki

Figure 7. Procedure for testing AC resistance.

I

3.3. Accuracy Verification of the Optimized Method

Itis necessary to define a standard value before performing an accuracy verification test
of the optimized method. The calculating model of the solid copper conductor is established
in the report of CIGRE TB 272, as shown in Figure 8. The Maxwell’s Equations (14)—(16)
and the equation of Joule losses W (17) are presented to describe the electromagnetism
thermal field in the conductor [29-31].

146 .

EEEZ = —jwpHy (14)
6 .

——Ez = —jwuHy (15)

op
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196 196 .
E@(PHQ) - EEHL” = (0 + jwe)Ez (16)
1
W = Re[zﬂ(Ez x Hg)ds] (17)

where p represents the radial distance in the polar coordinates; E, is the electric field
component in the z direction; (2 is the angular frequency of the electromagnetic wave; H,
is the component of the magnetic field along the polar angle (p); j is an imaginary number
unit, which represents a complex number; Hg is the component of the magnetic field in
the polar angle direction (0); and Wj is the energy density. Finally, the calculation method
for the AC resistance of cable conductors R, in the IEC standard is derived from the
perspective of AC losses [15]:

RMHﬁ), 0<x<28
Raco = § Ry (0.9864 — 0.0177x + 0.0563x%), 2.8 < x < 3.8 (18)
R;c(0.267 + 0.354x) x>38
2uf
Rdc

where Ry, is the direct current (DC) resistance of the conductor; u is the magnetic perme-
ability of the conductor; and f is the power frequency. Therefore, it is accurate to calculate
the AC resistance of the solid conductors using the IEC standard.

2a

Figure 8. Calculating model of solid copper conductor.

In the accuracy verification test, a solid copper conductor with a cross-sectional area of
2000 mm? was selected as the sample. The AC resistance of the sample conductor R, was
tested at different temperatures following the steps in Section 2.2. The test value was then
compared with the AC resistance value obtained from the IEC standard R,, as shown in
Figure 9.

It was found that the error between Rt and R, is less than 2% at the temperatures
of 40 °C, 50 °C, 60 °C, 70 °C, 80 °C, and 90 °C, which means the test value of the optimized
method is faithful for an AC resistance test of a cable conductor. Additionally, the error of
the AC resistance is the smallest within temperatures between 60 and 70 °C. Therefore, it is

recommended to choose data at this temperature range for the derivation of AC resistance
at 20 °C.
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Figure 9. The results of the accuracy verification test for the optimized method.
3.4. An Error Analysis of the AC Resistance Testing System
The formula for the cable’s AC resistance is as follows:
t

. n Uj 1
= (1 L)y =D o) L

n

The formula considering errors is as follows:

u; + Au; 1
Rae = X (G0 ) S50 Np 4 8N ) - g @

n

where u is the instantaneous value of voltage measurement, i is the instantaneous value of
current measurement, ¢ is the sampling time, L is the measurement length, u; is the voltage
drop across the sampling resistor, r is the sampling resistor value, and Nr is the CT ratio.

Due to the time base error of 25 ppm in the measuring instrument used for voltage
measurement (for intervals greater than 1 ms), and with the measurement time being
the duration of 10 power frequency cycles, the maximum error in time measurement is
200 x £25 x 107% = £0.005 ms. Since the error of 25 ppm is very small, it can be neglected
in the calculations. The voltage measurement accuracy can be estimated as the vertical
range X £3%. The vertical range when measuring the cable voltage at both ends is 2 V, so
the maximum error is £0.06 V.

The primary side current measurement component used is a 5000:5 0.2 S class CT for
measuring the cable current, and thus, the maximum error in the CT measurement is +2 A.
The accuracy of the secondary side measurement loop’s sampling resistor is 0.01 Q2 & 5%,
which results in a maximum error of £0.0005 ). The voltage measurement accuracy can
also be estimated as the vertical range X +3%. When measuring the voltage across the
sampling resistor, the vertical range is 0.5 V, so the maximum error is +0.015 V. When steel
tape is used for measurement, the error is estimated at £1%.

Considering the errors in the parameters involved in the calculation using Equation (21),
namely Au, Au;, Ar, AN, and AL, which follow a normal distribution N(y,0), and if a
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confidence level of 99.7% is selected, then o = Emax/3, and the true value range of the
parameters is ¢ + ¢/3 x randn (where randn is a standard normal distribution random
value). Here, y is the measured or nominal value of the parameter, and Enax is the
maximum error of the parameter. By applying the Monte Carlo method, the error estimation
of the calculation results can be performed using Equation (21).

For a 2000 mm? solid copper conductor measurement, an average of three tests is
calculated. The AC resistance of the cable sample at 90 °C is 15.5912 x 10~¢ + 3.39% (Q/m).
As long as the true value of the calculation parameters falls within the range specified in
Equation (21), the maximum error of the calculation result is within £3.5% with a 95%
confidence level.

A further analysis of the contribution of calculation parameter errors to the calculation
result error reveals (by calculating the partial derivative of the result with respect to each
parameter) that the accuracy of the sampling resistor has the largest effect on the test result
accuracy. When the maximum error of the sampling resistor is reduced from 5% to +2%,
the maximum error of the test result can be reduced to approximately £1.54%.

4. Preparation of Test Samples

To investigate the influence of different cross-sectional areas on the AC resistance of
cable conductors, the cables shown in Table 1 are used for the samples.

Table 1. Sample cables with different cross-sectional areas.

Number Cr(::;j/(;cltrlnoznal S;%:tlﬁg:lal Oxidation Method
XLPE-C1 800 Sector Segmentation: 5 + 0 No oxidation
XLPE-C2 1200 Sector Segmentation: 5 + 0 No oxidation
XLPE-C3 1600 Sector Segmentation: 5 + 0 No oxidation
XLPE-C4 2000 Sector Segmentation: 5 + 0 No oxidation
XLPE-C5 2500 Sector Segmentation: 5 + 0 No oxidation
XLPE-Cé6 2500 Sector Segmentation: 5 + 1 No oxidation
XLPE-C7 3000 Sector Segmentation: 5 + 1 No oxidation
XLPE-C8 3500 Sector Segmentation: 5 + 1 No oxidation

To investigate the influence of different segmentation conductors on the AC resistance
of cable conductors, the cables shown in Table 2 are used for the samples. Schematic
diagrams of the four segmental methods described in Table 2 are shown in Figure 10. It can
be seen that the degree of segmentation on the sample conductors increases from XLPE-5S1
to XLPE-54.

Table 2. Sample cables with different segmental conductors.

Cross-Sectional Segmental .
Number Area/mm? Method Oxidation Method
XLPE-S1 800 Sector Segmentation: 4 + 0 No oxidation
XLPE-S52 800 Sector Segmentation: 4 + 1 No oxidation
XLPE-S3 800 Sector Segmentation: 5 + 0 No oxidation

XLPE-54 800 Sector Segmentation: 5 + 1 No oxidation




Energies 2025, 18, 1417 11 of 16

N
%
L/

©) (d)

Figure 10. Schematic diagram of different segmental sample cables: (a) 4 + 0; (b) 4 + 1; (¢) 5 + 0; and
(d)5+1.

To investigate the influence of different oxidative conductors on the AC resistance of
cable conductors, the cables shown in Table 3 are used for the samples. Schematic diagrams

of different oxidized cable conductors are shown in Figure 11.

Table 3. Different oxidation methods of sample cables.

Number Cross—Sectloznal Segmental Method Oxidation Method
Area/mm

XLPE-O1 2500 Sector Segmentation: 5 + 0 No oxidation

XLPE-O2 2500 Sector Segmentation: 5 + 0 Partial Oxidation

XLPE-O3 2500 Sector Segmentation: 5 + 0 Entire Oxidation

@) (b) ©

l

oxide layer

oxidized
conductor

D

Figure 11. Schematic diagram of different oxidative cable conductor (a) oxidation methods of copper

wire: (b) partial oxidation; (c) entire oxidation.
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5. Results and Discussion

Based on the optimized method proposed, the influence of different cross-sectional
area conductors, segmental conductors, and oxidized conductors on AC resistance is
investigated in this section. Furthermore, the test values are compared with the calculated
values derived from the IEC standard.

A comparison of the test value and the IEC standard value of AC resistance from
XLPE-C1 to XLPE-C5 at 20 °C is presented in Figure 12. It was found that the IEC standard
values are larger than the test values when the cross-sectional area of the conductor is
smaller than 2000 mm?. Therefore, it can be considered that the IEC standard provides a
conservative estimate of AC resistance when cable conductors have smaller cross-sectional
areas, ensuring reliable results in the evaluation of line design.

—a=— Test value i
29| —e— |EC standard value

N
D
—

N
o
T

e el
o N b~
L L L

8.21

XLPE-C1 XLPE-C2 XLPE-C3 XLPE-C4 XLPE-C5

Figure 12. Comparison between test and IEC standard values (800-2000 mm? cable conductor).

However, the IEC standard value is smaller than the test value for the conductor
with a cross-sectional area of 2000 mm?. It can be considered that the conservatism of the
IEC standard is lost on this kind of conductor. A comparison of the test value and the
IEC standard value of AC resistance from XLPE-C6 to XLPE-C8 at 20 °C is presented in
Figure 13. It is obvious that the IEC standard values are consistently lower than the test
values for cables with cross-sectional areas over 2000 mmZ. Moreover, the error between the
IEC standard and the test values has a positive correlation with the cross-sectional area of
the conductor. Therefore, it is not suggested to apply the IEC standard to the evaluation for
load scheduling because it could potentially lead to overheating during the actual operation
of the cable lines.

A comparison of the test value and the IEC standard value of AC resistance from
XLPE-S1 to XLPE-54 at 20 °C is presented in Figure 14. Since the IEC standard does not
specify the relevant calculation parameter values on the cable with 4 + 1 and 5 + 1 segmental
conductors, the AC resistance values of 4 + 0 and 5 + 0 segmental conductors were used
as references. It was found that the IEC standard value is larger than the test value of AC
resistance due to the samples having a cross-sectional area of 800 mm?. Moreover, as the
degree of splitting increases, the test value of AC resistance has a negative correlation with
the degree of segmentation on the sample conductors, with a maximum error of 20.15%.



Energies 2025, 18, 1417

13 of 16

o
(6]
T

o
o
T

o
(6]
T

—s— Test value
—e— |EC standard value

o
o
T

1 1 1 )
XLPE-C6 XLPE-C7 XLPE-C8

Figure 13. Comparison of test and TEC standard values (2500-3500 mm? cable conductor).

28A 1 1 1 1
26 | -
g 24F -
s | —=— Test value
Z —e— |EC standard value
x 22 F -
20 F -

1 1 1 1 )
XLPE-S1 XLPE-S2 XLPE-S3 XLPE-$4

Figure 14. Comparison of test and IEC standard values (different segmental conductors).

A comparison of the test value and the IEC standard value of AC resistance from
XLPE-O1 to XLPE-O3 at 20 °C is presented in Figure 15. Since the IEC standard does
not specify the relevant calculation parameter values on the cable with oxidation, the AC
resistance values of a 5 + 0 segmental conductor without oxidation were used as references.
It was found that the degree of oxidation has a negative correlation with the AC resistance
of the conductor based on the test results, with a maximum reduction of 5.70%.
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Figure 15. Comparison of test and IEC standard values (different oxidated cable conductors).

6. Conclusions

This paper presented the limitations of AC resistance calculations of the IEC standard.

These calculations are critical to conduct an AC resistance test on the cable conductor.

Moreover, the error between the test value and the actual value of AC resistance was

analyzed. Afterwards, an optimized AC resistance testing method based on the active

power for AC resistance was proposed to decrease the error. Finally, AC resistance tests

were conducted on different cable conductors after verifying the accuracy of the proposed

testing method. The main conclusions of this study are as follows:

@

@

®)

4)

Waveform distortion is a common issue in the existing AC resistance test, which leads
to an error between the test value and the actual value of AC resistance when using
the testing method recommended by CIGRE TB 894.

An optimized AC resistance testing method based on active power is proposed.
The results of the accuracy verification test of the testing method show that the AC
resistance measuring error of the testing method does not exceed 2%.

The conservatism of the AC resistance evaluation of the IEC standard is negatively
correlated with the cross-sectional area of the cable conductor. Furthermore, the
conservatism is lost when the cross-sectional area of the cable conductor exceeds
2000 mm?.,

The AC resistance of cable conductors is negatively correlated with both the degree of
segmentation and the number of oxidized copper wires in the conductor. Therefore,
increasing the degree of segmentation and the number of oxidized copper wires in
production can effectively reduce the AC resistance of cable conductors.
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Nomenclature

Iy current amplitude

Uy voltage amplitude

C phase difference

Ay amplitude of k-th voltage harmonic

(@) angular frequency of power frequency
By amplitude of k-th current harmonic
u(ty) voltage data points

i(ty)  current data points

Ty sampling time
p(ty)  active power
n number of data points
Rac  ACresistance
o radial distance
E, electric field component in z direction
H, component of magnetic field along polar angle (o)
j imaginary number unit
Hyg component of magnetic field in polar angle direction ()
Wy energy density
U magnetic permeability
f power frequency
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