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Abstract: There are 2 important aspects of this research; these are the experimental study and the data analysis, which
are based on coherence analysis. In this study, a low-voltage power cable is tested under 2 different environments, air
and water, and the variations in temperature are measured for the conductor, the sheath parts of the cable, and the
environment. The recorded test data are analyzed using such as coherence analysis. This in turn provides the means to
determine the relationship among the sheath, conductor, and the environment. In conclusion, high correlated peaks in

the frequency domain are used to determine the temperature effect.
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1. Introduction
Power cables are generally used in urban distribution networks and are preferred for their aesthetics and reliable
operation. In contrast, overhead lines are preferred in power transmission among the distribution networks.

Power cable systems require expensive investments; thus, they must be reliable. However, an underground
power cable is exposed to electrical, thermal, and mechanical effects during its operation [1].

The simple structure of power cables turns into a complex structure when the voltage and the transmitted
power levels are increased as a result of increased heat or environmental and mechanical strains. This situation
requires determination of the maximum current carrying capacity of the power cables [2].

Power cables’ temperature depends on many factors, such as current flowing through the cable, cable
geometry, and structural properties such as the materials used in the manufacturing of the cable, laying styles of
other cables in the vicinity of the cable, thermal properties of the environment, and moisture of the surrounding
soil.

There is a strong relation between the current carrying capacity and temperature distributions of power
cables. Losses produced by the applied voltage to a cable and current flowing through its conductor generate
heat; therefore, the current carrying capacity of a cable depends on the effective distribution of the generated
heat from the cable to the surrounding environment. Insulating materials in the cables and the surrounding
environment proves uniform heat distribution to be difficult due to the existence of high thermal resistances [2].

Thermal hotspots are likely to age the conductor; consequently, in order to achieve a more reliable operation,
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the temperature levels of the cable components during continuous operation should be determined. Analytical,
numerical, or real-time measurement techniques may be utilized in this regard.

Literature research is especially focused on analytical and numerical solutions [3-7]. Historically speaking,
the first and foremost important study based on the heat transfer calculations in power cables was published
in 1938, and another was published in 1957 [8,9]. Calculations in thermal analysis for power cables were made
usually by using only boundary temperature conditions, geometry, and material information [10]. In [11],
experimental study results between the power cable sheath temperature and current relation were shown, only
with the same environmental conditions. Numerous other studies related to the subject have also been presented
in the literature [12-18].

This paper aims to perform a coherence analysis to determine the relationships among the sheath,
conductor, and environmental temperatures of a power cable at different conditions. The experimental procedure
and data collection are presented, and the analysis of the data is given.

2. Coherence analysis
In the signal processing literature, the common approach for extracting the information about the frequency
features of a random signal is to transform the signal to the frequency domain by computing the discrete Fourier
transform (DFT). Detailed descriptions of signal transforms can be found in various textbooks on digital signal
processing; see, for example, [19,20].

The DFT provides a common means of frequency extraction of a random time-domain signal [21]. For a

block of data of N samples, the transform at frequency mA f(Af: frequency resolution) is given by:
N—1 .
X(mAf) =Y x[kAt]e ¥k, (1)
k=0

The autopower spectral density (APSD) of z(t) is estimated as:

Sulf) = IXmADE, £ = mAf. 2

The cross-power spectral density (CPSD) between x(t) and y(t) is similarly estimated. The statistical accuracy
of the estimate in Eq. (2) increases as the number of data points or data blocks increase.

The causality of 2 signals or the commonality between them is usually estimated using the coherence

function. The coherence function is given by:

Sy (f)]

, 0 <yzy <1, (3)

where Sy and Sy, are the APSDs of z(t) and y(t), respectively, and Sy, is the CPSD between z(¢) and y(t).

A value of coherence close to unity indicates a highly linear and close relationship between the 2 signals.

3. Experimental set-up and measurement system

Experimental studies are performed in order to examine the relationship between current and temperature in

power cables. For this purpose, current levels, conductor temperature, and sheath temperature were recorded
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for a low voltage power cable in laboratory conditions. The collected experimental data were analyzed within

the MATLAB environment. All measurements were performed in the Istanbul Technical University Faculty of
Electrical and Electronics Engineering High Voltage Laboratory in Turkey.

The cable used in the experiment is a low-voltage power cable, structurally 0.6/1/1.2 (Uy/U,, /U,,) kV,
3 x 35/16 mm?, 3'/2 core (3 phase, 1 neutral), PVC-insulated, and armored with a galvanized flat steel wire
cross-hold steel band, with inner and outer PVC sheaths.

The catalog information of this PVC-insulated cable with a 29.1-mm outer diameter specifies that DC

resistance at 20 °C is 0.524 Q /km and the maximum operating temperature is 70 ° C [1]. Geometric properties

of the tested cable are given in the Table and a cross-section of the cable is shown in Figure 1.

Table. Radius of the power cable components.

Cable component Radius (mm)
Copper phase conductor (r1) 4.3
Copper neutral conductor (r2) 3.4

Outer radius of PVC insulation (r3) 13.4
Outer radius of PVC outer sheath (r4) | 18.2

In Figure 1, O is the center of the cable; O; and O, represent the centers of the phase and neutral
conductors, respectively. Thickness of the core insulation for each phase conductor, dgp, is 0.54 mm, and the
insulation thickness for the neutral conductor, d g9, is 0.33 mm.

In order to examine the relationship between the current and the temperature regarding power cables
in water and air, a polyester test container was used. During the measurements, the cable was placed halfway
from the sides and at a 15-cm distance from the bottom of the container. The experimental set-up is shown in
Figure 2.

Current
Source
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\
' \\\

N 8

Figure 1. Cross-section of the power cable used. Figure 2. Experimental set-up for 0.6/1-kV cable.

The current for the power cable was supplied from a welding machine; the highest output current is 300
A. A Variac on the welding machine adjusts the output current. The highest current value that the cable can
carry in steady state operation is 132 A in the catalog of that cable. During the experiment, phase conductors
were connected to each other in series.
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Conductor and sheath temperatures were measured 50 cm apart from both ends of the current source in
accordance with the defined temperature measurement conditions in the relevant Turkish standard [22].

In the test, the measurement data were acquired from 7 different points. Six of these points are utilized for
temperature measurements. Only one point is utilized for current measurement. Four temperature measurement
nodes, which measure conductor temperatures, are located on the conductor and sheath at both ends. The other
2 nodes measure air and water temperatures.

A constant current of 132 A is passed through the power cable for 3 h during the following situations.

After each case, there was a waiting period of almost 3 h for the heated cable to cool down:

The cable in air with natural convection,

e The cable in air with forced convection,

The cable in water with natural convection,

e The cable in water with forced convection.

The current and temperature data are measured by dedicated analog sensors and are then taken by
LabVIEW to be further utilized on a personal computer.

The used data acquisition system consists of the following components made by National Instruments
(NI): the voltage range of analog input module used for the current measurements was +60 mV (NI FP-AI-
110). The current measurement was performed using a shunt resistor of 60 mV /400 A. For the temperature
measurements, K-type thermocouples and a temperature module (NI FP-TC-120) were used. The test set-up
is shown in Figure 3. Additionally, Figure 4 shows LabVIEW’s visual front panel, specially developed for the
test measurements.

Power Cable

Current
Source
(132 A)

To Analog Input Environment
_—
Module Temp. Meas.

K-type
Thermocouples

1/0 Connections for
the Sensors

PC
[eec\ 5232 -

I/0 Devices

LabVIEW

Figure 3. Test system configuration.

4. Data analysis and spectral results

As a result of the data acquisition, the collected data are listed as follows:

e Current value at 132 A,

e Temperature of the conductor,
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e Temperature of the power cable sheath,

e Temperature of the environment.

Power cable in air with natural convection
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Figure 4. LabVIEW’s front panel as graphical user interface for the test system.

The above quantities are measured for different conditions in the air and water and with/without forced

convection. Their time-domain representations are shown in Figures 5a and 5b, and Figures 6a and 6b,

respectively.
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Figure 5. Data for current and temperatures of the cable parts and environment in air: a) with forced convection,

b) with natural convection.

From the figures related to the spectra, in Figure 7a, it is observed that the spectrum of the environment
temperature follows the spectrum of the conductor temperature. However, some harmonic components are
seen; in this manner, the variation is similar to the spectrum of the sheath temperature. Under the condition
of natural convection, these harmonics do not appear for the spectrum of the conductor, while the spectra of
the environment temperature and sheath temperature follow each other as seen in Figure 7b. In terms of the
Figures 8a and 8b, similar properties are observed.
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Power cable in water with forced convection

Power cable in water with natural convection
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Figure 6. Data for current and temperatures of the cable parts and environment in water: a) with forced convection,

b) with natural convection.
The spectral variations are given in Figures 7a and 7b and Figures 8a and 8b, respectively, after the

time-domain representations of the measured signals.
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with forced convection
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Figure 7. Spectra for the current and temperatures of the cable parts in air: a) with forced convection, b) with natural

convection.

For the experiment with forced convection in water, the spectra of the conductor and sheath temperatures
contain the harmonic components and the spectrum of the sheath temperature follows the spectrum of the
environment temperature. Additionally, for natural convection status, these harmonics do not resemble the
previous test in air. As a result, it can be concluded that there is strong correlation among the sheath,
conductor, and environment temperatures. These independencies can be shown by the coherence analysis
and related frequency values are determined due to high correlation levels. These normalized cross-spectral
variations, which are called coherence, can be given by the following figure. Hereby, the most convenient
interaction is considered for the test in water with forced convection because the spectrum of the cable current
also follows the spectral variations of the conductor and environment temperature, as seen in Figure 8b. Hence,

this situation is shown by the coherence analysis approach in Figure 9.
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Spectra for current and temperatures of the cable in
water with forced convection

Spectra for current and temperatures of the cable in

10° 10° water with natural convection
10° 10°
(@) (b)
10* 10*
Q ] 2 C t
_g 102 E 10 urren
£ ! ) = Cable cond Cable sheath Envi
S oh e Gl chcn o |2 thleconductor Cableshat Ervionmert
) % i
10”2 10”2
W 7 \ ! Sy
104 L 107 M s et
AVEN PIWA MAPAAYAT i
10 N —— 10 —
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 I 12 14 16 18 2
Frequency [Hz] Frequency [Hz]
Figure 8. Spectra for the current and temperatures of the cable parts in water: a) with forced convection, b) with

natural convection.

Coherence results for the cable in water with forced convection
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Figure 9. Coherence results for the test of the power cable in water with forced convection.

According to these results, the most effective peaks take place between 0.75 and 1.65 Hz, which indicates
strong correlation among the sheath, conductor, and environment temperatures. However, the coherence
amplitudes, which are defined between the conductor and sheath temperatures, for a threshold value selected

at around the level of 0.3 are observed at 0.19, 0.75, 1.063, and 1.65 Hz.

5. Conclusions

This paper described and analyzed the temperature of a cable operating under 4 different installations, namely
in air and in water with free and forced convection. The main purpose of the study was to investigate the
temperature effects in the cable for different environmental situations. For this reason, a low sampling-frequency
value was considered to observe the temperature effects.

The results of the data analysis showed strong correlation among the sheath, conductor, and environment
temperatures. In this manner, the coherence technique was used for the determination of this strong correlation
level and the most correlated levels, which were greater than the level of 50%, were determined between the
conductor and sheath temperatures at 0.19, 0.75, and 1.063 Hz.
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For this study, the conductor and sheath temperatures of a low-voltage power cable in air and also in

water with natural and forced convection tests were studied in a laboratory environment. Using different test

conditions and measurement methods, different power cables in the different conditions may be tested and

analyzed. Hence, the experiments can be performed under optimal test conditions. Temperature measurement

locations may also be changed and different measurement methods can be utilized taking the heat distribution

issue into account. For example, a distributed sensing method can be used instead of the conventional point

temperature method.

Future studies may utilize the output of this paper and expand into heat transfer analysis and modeling.

Acknowledgments

The

authors would like to extend their thanks for the support provided by the Istanbul Technical University

Faculty of Electrical and Electronics Engineering High Voltage Laboratory.

Nomenclature

x(t)
g()
Af
At

Yy
S‘/E‘/L’
Say

3]

[4]

32

A signal
A fixed dimension window
Centered time location
Frequency resolution
Data-sampling interval
Coherence function
and Sy, Autopower spectral density of x(t) and y(¢)
Cross power spectral density between z(t) and y(t)
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