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Abstract: Internal defects inside power cable joints due to unqualified construction is the main
issue of power cable failures, hence in this paper a method based on thermal probability density
function to detect the internal defects of power cable joints is presented. First, the model to calculate
the thermal distribution of power cable joints is set up and the thermal distribution is calculated.
Then a thermal probability density (TPD)-based method that gives the statistics of isothermal points
is presented. The TPD characteristics of normal power cable joints and those with internal defects,
including insulation eccentricity and unqualified connection of conductors, are analyzed. The results
indicate that TPD differs with the internal state of cable joints. Finally, experiments were conducted
in which surface thermal distribution was measured by FLIR SC7000, and the corresponding TPDs
are discussed.

Keywords: Cable joint; internal defect; thermal probability density

1. Introduction

Unqualified construction and external destruction are the main issues in internal defects of power
cable joints. The statistics show that more than 70% of defects occurred in cable joints during the past
decade [1]. Internal defects of power cables will cause an increase of electromagnetic loss, insulation
aging, and surface temperature changes. Excessive contact resistance due to unqualified connections
of conductors and eccentricity of the core are common internal defects of cable joints.

At present, many researchers concentrate on calculating and measuring power cable temperature
characteristics, because the working conditions of cable joints can be derived from the surface
temperature. Many measuring techniques have been proposed, including temperature sensors, optical
fibers, infrared thermal imagers, and so on [2—4]. Due to the advantages of their noncontact, secure,
and real-time characteristics [5,6], infrared thermal imagers are widely used in fault monitoring and
diagnosing [7,8].

At present, researchers concentrate on thermal analysis to check the faults and ampacity of power
cables. In [9], a method to invert the temperature of conductors in cable joints was proposed, which was
composed of two parts, radial-direction temperature inversion (RDTI) in the cable and axial-direction
temperature inversion (ADTI) in the conductor. Reference [10] stated that the failure of cables and their
joints can be classified by estimating or measuring ambient temperature and other parameters, because
the temperature of cable insulation is a function of both ambient temperature and thermal resistivity
of the ground. Reference [11] applied thermographic analysis to analyze associated regions with high
surface temperature and proposed a method to diagnose faulty connections of parallel conductors.
In [12], an equivalent Laplace thermal model of single-core cable was developed with lumped
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parameter methods based on the thermal circuit model. Reference [13] found that the partial discharge
activity of power cables can be used to reflect the temperature cycling caused by load variation.
Insulation eccentricity and unqualified connections of conductors are common internal defects of
cable. Insulation eccentricity of cable causes not only a huge waste of the material but also electrical
property problems [14]. Excess contact resistance due to unqualified connection of conductors is the
main contributor to overheating and can accelerate insulation aging [15,16]. At present, the common
methods to evaluate the degree of insulation eccentricity are x-ray, photoelectromagnetic, and eddy
current [17,18].

Based on current research, this paper presents a new method to detect internal defects
of cable joints by using thermal probability density (TPD). First, a three-dimensional (3D)
electromagnetic-thermal coupling model of power cable is established and thermal distribution is
calculated. Then, the distributions of TPD under different insulation eccentricity conditions are
analyzed. According to the characteristics of TPD, the insulation eccentricity of power cable joints
can be judged accurately. A platform is built to verify the accuracy of the proposed method. Finally,
applying this method to excess contact resistance, the contact coefficient K can also be determined.

2. Model for Thermal Distribution of Power Cable Joints

The XLPE (crosslinked polyethylene) power cable (8.7/15 kV YJV 1 x 400) is taken as an example,
and an axial cross-section model of the cable joint is shown in Figure 1.

1-Cable sheath; 2-Extemal semi-conductive layer; 3-Cable shielding layer; 4-XLPE insulation;5-Conductor; 6-Connection tube;
7-Semi-conductive band; 8-Cold-shrinkable joint; 9-copper mesh belt; 10-Sealant; 11-PVC (polyvinyl chloride) band

Figure 1. Axial cross-section model of cable joint.

The parameters of the cable joint are shown in Table 1.

The lengths of different parts of the cable joint (as shown in Figure 1) are listed in Table 2.
The parameters required for calculation in the temperature field are shown in Table 3.
For a single cable joint laid in the air, the laying parameters are given in Table 4.

Table 1. Parameters of cable joint.

Conductor diameter 23.8 mm
Insulation thickness 4.5 mm
Shielding layer thickness 0.5 mm
Sheath thickness 2.5 mm
External diameter of cable 41 mm
Conductor cross-section area 400 mm?

Table 2. Length parameters of cable joint (mm).

A B C D E
90 140 25 175 120
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Table 3. Material physical parameters used for temperature field calculation.

. Thermal . —3 Specific Heat
Material Conductivity/(W-(m.cC)—1) ~ Density/lkg-m™) Capacity/(J-(kg-°C)~1)
Conductor 400 8920 385
Semiconductor 0.48 1350 1470
Insulation 0.286 1200 2250
Sheath 0.167 1380 2100
Table 4. Simulation parameters.
Ambient Temperature Convection Heat Transfer Coefficient 1  Current

20°C 5.6 W/(m?2-K) 1000 A

3. Thermal Probability Density Distribution-Based Method

Let Thax and T, represent the maximum and minimum temperature, respectively. C; is the
count of T;, where T,,;, < T; < Tryax-

Set Ct =Y. C;, P, =C;/Cr, whichis known. 0 < P; < 1,and }_P; = 1.

It is obvious that when faults arise in high-voltage equipment, the thermal distribution changes,
hence the curve of P; will change, which can be used to determine internal faults. This is the thermal
probability density (TPD)-based method.

To use the TPD method in practice, infrared imaging technology can be used, which is widely
used to analyze the operating state of electrical equipment and the contamination level of insulators.
Two infrared images of low-voltage bushing under normal and fault conditions are shown in Figure 2.

——

Figure 2. Infrared images.

The surface temperature distribution and the temperature span (the difference between T}y and
Tnin) Will change with the operating conditions [19]. From the perspective of thermodynamic entropy,
regarding each set of temperature data in the infrared image as a state, an infrared image contains a lot
of temperature data, and a statistical method is chosen to analyze the data.

Probability density functions are often used to represent the distribution of data samples. As the
cable surface temperature distribution is unknown, the nonparametric kernel density estimation
method is used to calculate the surface temperature distribution [20,21]. The gray scale is used in
infrared images to record the temperature data. Scattering the infrared image and treating temperature
as a discontinuous physical quantity, the temperature matrix can be obtained, as shown in Figure 3.
There are N x M temperature values in Figure 3, and each temperature value corresponds to
a temperature state.
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Figure 3. Illustration of gray level distribution corresponding to temperature image.

Dividing the entire temperature range into several small subintervals and regarding the
temperatures located in the same subinterval as isothermal points T; (T, < T; < Tinax), the quantity of
T; can be determined using the statistical method, and then TPD can be drawn. The probability density
of any temperature T; is calculated according to Equation (1):

9<x>=%:211<(";"") )

where K(u) is a kernel function and # is the window width.
In order to verify the accuracy of the calculation results, the asymptotic mean integrated square
error (AMISE) is often used to detect the accuracy of 7(x). The expression is as follows:

AMISE() = -2 R(K) + 1 [ia(K) PR (y") @

nh
where R(K) = [ K(2)%dz, up(K) = [ 22K(2)dz, R(y") = [ [y (x)]*dz.

When % [AMISE(h)] = 0, the best window width value (fyptima) can be calculated using
Equation (3):

1

R(K 5
R ©)
(2 (K)]"R(y" )n

The calculation results of hgptipe and AMISE under different kernel functions are shown in Table 5.
The comparison results show that the Gaussian kernel function has the smallest error. The Gaussian
kernel is shown in Equation (4):

hoptimul =1

K(x) = <= ep(- 57 @

Table 5. Results of several kernel functions. AMISE, asymptotic mean integrated square error.

Parameter Uniform Kernel Triangular Kernel Gaussian Kernel
Roptimal 0.436806 0.618528 0.5548
AMISE (10°) 7.7542 6.1584 5.7456

The following characteristics are used to characterize TPD of the cable joint:
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(1) Variance s: represents the element difference within an array. The formula is as follows:

1 =2
s=4/—1 (T, = T) )

where T is the average temperature.
(2) Peak-peak difference P: represents the difference between the peaks of high temperature and

low temperature. The formula is as follows:
P=P—-D (6)

where P is the peak-peak difference, P; is the peak value of the high temperature, and P; is the peak
value of the low temperature

The details of the process are as follows: First, the infrared camera is used to get the surface
temperature of the cable joint; then, TPD is obtained according to Equations (1)-(4), as shown in
Figure 4. Finally, the defect type and degree of cable are judged based on the characteristic of TPD.

500

g 8 8

Probability density

g

42465 4447 44475 4448 44485 4449
Temperature (°C)

Figure 4. Thermal probability density (TPD) under normal conditions.

4. Simulation and Results
4.1. Cable Eccentricity

4.1.1. Measurement Precision with Resistor

A cross-section of the cable joint is shown in Figure 5, and the degree of insulation eccentricity is

!
defined as D = %, where D1, Dy’ represents the insulation thickness.

aQ
)

(a) (b)

— o W
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Figure 5. Cable cross-section diagram: (a) normal, (b) eccentricity.

Based on the model of cable joint shown in Figure 1, the temperature distribution was calculated
when D = 0 mm, 2 mm, 3 mm, 4 mm, 5 mm, and 6 mm, and the results when D = 3 mm are shown in
Figure 6. The temperature distribution is not uniform when the cable joint is eccentric, which is the
basis for the detection of cable eccentricity. TPDs under normal and insulation eccentricity are shown
in Figure 7.
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Figure 6. Temperature distribution when D = 3 mm.
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Figure 7. TPDs of cable under (a) normal and (b) insulation eccentricity conditions.

Comparing Figure 7a,b, it can be seen that under normal conditions, the distribution of cable
surface temperature is uniform and the temperature is concentrated at 44.479 °C. When the cable
is eccentric, its TPD changes from a single peak to a bimodal wave. In addition, the peak-peak
difference increases as the degree of eccentricity increases, and when D changes from 2 mm to 6 mm,
the corresponding peak-peak difference increases from 0.06 °C to 0.20 °C.

Table 6. Characteristics of TPD under different eccentricities.

D Variance Peak-Peak Difference
0 mm (normal) 2.68 x 107 0
2 mm 0.0018 0.06
3 mm 0.0037 0.10
4 mm 0.0063 0.13
5 mm 0.0096 0.16
6 mm 0.0136 0.20

The change rule of the characteristic parameters under different eccentricity is shown in Table 6.
The variance increases in the form of a quadratic function with increased D. When D increases
from 2 to 6 mm, the variance increases from 0.0018 to 0.0136, and the change rule is shown in
Figure 8a. The rule can be expressed with the function s = 0.0035D% — 0.00015D + 0.0001, where s is
the variance. In addition, the peak-peak difference increases in the form of the first-order function,
which is expressed as P = 0.034D — 0.006, where P is the peak-peak difference. When D increases
from 2 to 6 mm, the peak-peak difference changes from 0.06 to 0.20, as shown in Figure 8b.



Energies 2018, 11, 1674 7 of 13

Variance
Peak-peak differ

Figure 8. Relationship between characteristics of TPD and cable eccentricity: (a) variance, (b) peak-peak difference.

4.1.2. Experimental Verification

Based on the principle of equal heat source, a surface temperature measurement platform was
built. Using graphite rods as a core conductor to simulate the actual operation of large loads not
only overcomes the problem of imposing a high load current of 400 A and above in laboratory
conditions, but also reduces the cost of the experiment. Figure 9 shows the structure of the analog
cable. The resistance of each graphite rod is about 1 Q).

I ovphite rods [ insulation paper silica gel

Figure 9. Structure of the cable model.

Different degrees of insulation eccentricity were simulated in different parallel ways using the
graphite rods, as shown in Figure 10. A 12 V/30 A adjustable constant-current source was used to
supply power, and the output current could be adjusted in the range of 5 A to 30 A to ensure the
same internal heat. The related data are shown in Table 7. Temperature was measured by an FLIR
SC7000 infrared camera, whose accuracy is 0.1 °C. The outer side of the cable and its support parts
were painted black so that the radiation coefficient was close to 1. The infrared camera was placed at
the same level as the cable and the steady-state temperature data were recorded. The experimental
platform is shown in Figure 11.

Table 7. Internal heat of cable.

Case Resistance Current Energy
Normal 10 10 A 100
Case 1 10 10 A 100]
Case 2 050 14 A 98]

Case 3 0.33 O 17 A 95.37]
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Figure 10. Structure of the insulation eccentricity cables: (a) normal, (b) case 1, (c) case 2, (d) case 3.

Simpliﬁed model of

cable joint

Figure 11. Schematic diagram of the experimental scheme.

The surface temperature distribution recorded by the infrared thermal imager is shown in
Figure 12 and TPDs are shown in Figure 13. Under normal conditions, the surface temperature
distribution is uniform and the temperatures are concentrated at 33 °C. When the cable is eccentric,
the surface temperature distribution is not uniform. The waveform is distorted from a single peak
wave to a bimodal one, and the tendency of the related parameters of waveform is consistent with that
obtained in simulation, which proves the feasibility of the proposed method.

134.99
23. 38
32,27

29.93
25.06
21,68

o1. 70

19. 26

—~
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Figure 12. Infrared images of cable surface temperature: (a) normal, (b) case 1, (c) case 2, (d) case 3.
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Figure 13. TPDs in experiment under different insulation eccentricities: (a) normal, (b) eccentricity.

4.2. Contact Resistance

This method can not only be applied to cable eccentricity testing but also be used to analyze the
degree of excess contact resistance.

Due to crimping process defects, the thermal loss of cable joint increases, resulting in a surface
temperature distribution difference. In order to quantitatively characterize the influence of contact
resistance, the contact coefficient K is defined as K = Ry /R, where Rq = %# and R, = Uil # Ry is
the resistance of the connection portion and R; is the conductor resistance of a cable body of the same
length. A schematic diagram of contact coefficient is shown in Figure 14, and the formula is expressed

as Equation (7).
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Figure 14. Structure and equivalent model of cable conductor connection.
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Based on the model of cable joint shown in Figure 1, the temperature distribution was calculated
when K =1, 3, 5,7, 11, and the results when K = 5 are shown in Figure 15. Surface temperatures of
the cable joint and the cable body are different, so the contact coefficient can be determined by the
temperature difference between them.
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Figure 15. Temperature distribution of K = 5.

The TPDs of the cable with different K values are shown in Figure 16. The peak-peak difference
decreases gradually with the increase of K, and changes gradually from a bimodal wave to a unimodal
wave (K =9, K = 11). The variance values and peak-peak differences with different K are shown in
Table 8.

0.3¢

o
N
o

0.2r
0.15¢

Probability density

Temperature(C)

Figure 16. TPDs of cable with different K values.

Table 8. Characteristics of TPDs under different K values.

K Variance P, P, Peak-Peak Difference
K=1 17.30 38.02 47.49 947
K=3 12.23 40.21 47.88 7.67
K=5 8.46 42.04 48.44 6.40
K=7 5.70 44.25 48.89 4.64
K=9 3.87 46.44 48.90 2.46
K=11 2.60 48.76 48.76 0

Figure 17a shows that the variance decreases in the form of a quadratic function as K
increases. When contact coefficient K increases from 1 to 11, variance is reduced from 17.30
to 2.60. The relationship between variance and contact coefficient can be described with
s = 0.12K? — 2.88K + 19.95, where s is variance. The peak-peak difference also decreases with the
increase of K, and if the contact coefficient K continues to increase, the peak-peak difference will
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become negative. The function that represents the relationship between the peak-peak difference and
the contact coefficient is P = —0.9258K + 10.66, where P is the peak-peak difference. The change trend
is shown in Figure 17b.

o0

3
e
3 g of
g 5
k ER
3
~ 2r

2 4 6 8 10 2 4 6 8 10
Contact coefficient K Contact coefficient K

(a) (b)

Figure 17. Relationship between characteristics of TPD and K: (a) variance, (b) peak-peak difference.

To further analyze the reason for the curve distribution in Figure 18, we analyzed the temperature
distribution of the cable surface axis with different contact coefficient K, as shown in Figure 18.

5 e
53 . n ofige
52 # * 5
51 P % k=7
¥ * + k=9

k=11

Temperature /°C

1000 2000 3000 4000 5000 6000
Distance/ mm

Figure 18. Surface axial temperature distribution curve of cable with different K values.

Figure 18 shows that when K is small, the temperature at the cable joint is lower than that at
the cable body, because the cable joint has a greater heat dissipation area. When K is small, thermal
convection plays a major role in the cable joint temperature being significant lower than the body
temperature and a low temperature peak, shown in Figure 16. With increased K, the heat yield of
cable joint increases gradually, therefore the joint temperature increases gradually and the peak-peak
difference reduces gradually. Since contact resistance only changes the heat generation rate and heat
conduction in the axial direction becomes weak when the distance from the center of the cable joint is
more than 2.5 m, the cable body temperature 2.5 m from the center does not change with K.

5. Conclusions

This paper proposes a method of using infrared temperature measurement and analyzes
the regularities of TPD to estimate the type and degree of internal faults of cable, based on
a three-dimensional electromagnetic-thermal multiphysics model of power cable. When cable
internal faults occur, the distributions of surface temperature probability density curves are different.
Combining the characteristic of TPD, a comprehensive judgment can be made to determine the type
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and degree of cable defects accurately. In addition, an experimental platform was built to verify the
method proposed in this paper, and the experimental results are consistent with the simulation results,
which verifies the feasibility of the method.
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Nomenclature

TPD thermal probability density
Tinax maximum temperature
Tnin minimum temperature

T; Toin <Ti < Tiax

C; the count of T;

AMISE  asymptotic mean integrated square error
hoptimat best window width value

s variance

T average temperature

P peak-peak difference

) peak value of high temperature

Py peak value of low temperature

D degree of insulation eccentricity

K contact coefficient

Ry resistance of connection portion
R, conductor resistance of cable body
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