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Abstract The study focuses on detection of defects in the single-core electrical wire
insulation by changing the linear capacity of the electric wire. Numerical simulation
was performed to create defects that are difficult to implement in practice. In the study,
models of the following defects were created: local thinning of the wire insulation,
eccentricity, foreign inclusion in the wire insulation. During the study, the depth and
length of the ‘local thinning’ defect in the wire insulation, the shift of the core center
relative to wire the center, length and thickness of the ‘foreign inclusion’ defect
were varied. As a result, absolute and relative values of the geometric dimensions
of the defects that cause a significant change in the wire capacitance are revealed.
A significant deviation of the capacitance is taken at the level of 5% deviation from
the nominal value of the capacitance of a defect-free wire in accordance with the
requirements of normative and technical documentation and the accuracy of device
for in-process testing of the wire capacitance. The paper reports the results of the
initial study. Further research is required to increase the reliability of the models
used.
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1 Introduction

Electrical wires are widely used in various industries. The wire quality has a direct
impact on the quality and safety of the products in which it is used. In the minimum
optional, a simple single-core wire is a metal core and polymer insulation applied
over it [1-3].

The main indicator of the wire quality is the absence of defects in its design [4]. A
defect is understood as any nonconformity of a product with established requirements
[5, 6].

The presence of any even minor defect causes deviation from its nominal
geometric and electrical parameters. At the production stage, an electric wire can
include various types of defects [6—8]: local thinning or increased outer diameter of
the insulation, foreign inclusions in the insulation, porous insulation, eccentricity,
etc.

In wire manufacturing [9], defects should be detected at the yearly stage in order
to timely improve the technological process, which will reduce the economic costs
of cable product manufacturing. During the technological process, defects can be
detected through the change in the linear capacity of the wire [7, 8, 10, 11].

The study of the effect of the geometric parameters of different defects on other
parameters of electrical wires will allow their timely in-situ detection. The aim of the
study is to determine geometric dimensions of insulation defects, which significantly
impact the change in the electric wire linear capacity.

2  Wire Model

A detailed study of wire samples with different types of defects of different sizes. A
number of reasons hampers creation of the bank of wire samples:

e resources are required to create an extensive bank of wire samples with defects;
not all types of defects can be created artificially, in particular to ensure the
variability of the geometric parameters of defects.

These problems can be partially solved through modeling [12—-14], which reduces
the cost of creating a large volume of real samples with different geometric dimen-
sions of defects and simultaneously increases the study efficiency due to a variety of
models of defects of various types and sizes [13].

A single-core wire can be regarded as a cylindrical capacitor (Fig. 1), which
consists of a metal core diameter d and polymer insulation diameter D [15]. The
core surface is considered as the first capacitor plate. Voltage is applied to the outer
surface of the insulation, and this boundary is considered as the second capacitor
plate. The inter-plate space is filled with dielectric, which is the insulation material
of the wire [16, 17].

The capacity of the capacitor can be calculated using a well-known equation [18]:
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Fig. 1 Model and !
appearance of the wire
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The research object f is a mathematical model of a single-core wire with a core
diameter D = 1 mm and an insulation diameter d = 3 mm. The wire insulation is
polyethylene with dielectric constant ¢ = 2.3. The wire model length is equal to the
length of the measuring electrode of the device for in-process testing of the wire
capacitance (L = 20 cm) [9, 10, 18].

The capacitance of a defect-free wire of the specified dimensions is C = 23.28 pF.
This value is taken as nominal.

3 Insulation Defects

Defects change geometric dimensions of the wire, and hence, they affect the capaci-
tance value. The deviation of the capacitance in the presence of a defect is recorded
relative to the nominal value—the capacitance of the defect-free wire. In accordance
with the requirements of normative and technical documentation [19-22] and the
accuracy of device for in-process testing of the wire capacitance [9, 10, 18], a signif-
icant change in the capacitance is taken at the level of 5% of the deviation from the
nominal capacitance of the defect-free wire, which corresponds to C; = 21.85 pF
and C, = 24.15 pF.
The types of defects modeled in the study are as follows:

e Jocal thinning of the wire insulation (external defect);
e cccentricity (displacement of the core center from the wire center);
e foreign inclusion in wire insulation (intrinsic defect).
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3.1 Local Thinning of the Wire Insulation

Figure 2 shows a defect model—local thinning of the wire insulation. The defect
depth is determined by the 2A, change in the insulation outer diameter D in the
defect area. In the defect area, the insulation diameter is D; = D — 2h,.

In the presence of this defect, the sample can be divided into 3 sections: two
sections of length L and L, with the initial insulation diameter D and one section of
length /, with a smaller insulation diameter D,. To simplify calculations, the defect
boundaries are assumed sharp.

The capacity for each section is calculated by Eq. (1) separately, with regard to
the geometric dimensions of each section. The capacity value for each section is
indicated Cyec1, Cyec2 and Cy, 3, respectively (Fig. 2).

The total length of all wire sections corresponds to the total length (L = 20 cm)
of the wire sample.

The general equation for calculating the wire capacity takes the form:

C— 2w -eg-e-(L1+Ly) 2m-e9-€-1,
- In(%) In(%¢)

Numerical modeling was used to carry out the studies.

Figure 3a shows dependence of the wire capacitance with the local thinning of
the wire insulation on changes in the defect length in the range from O to 5 cm at
constant depth Ax = 0.5 mm. Figure 3b shows dependence of the relative error in the
changed wire capacitance on relative changes in the volume of the defective wire. To
compare the results of the study, the concept of the wire nominal volume should be
introduced, which corresponds to the insulation volume of the non-defective wire.
The nominal volume of the wire is calculated using the formula for the volume of
the cylinder, with regard to the geometric dimensions of the core and wire insulation.
The considered defects cause a decrease in the insulation volume.

In Fig. 3a, b, the horizontal line indicates the capacitance corresponding to the
threshold value in the absolute and relative form (deviation 4=5%), which can be
observed in all the graphs given below.
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Fig. 2 Model of the defect Local thinning of the wire insulation
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Fig.3 Change in wire capacity a and relative error b in the presence of local length of the diameter
(constant depth defect)

The defect Local thinning of the diameter increases the capacitance (Fig. 3). It
should be noted that wire capacitance changes significantly when the defect length
attains /, = 18 mm and the volume of the wire insulation decreases by more than
4.5%.

Figure 4a shows dependence of the wire capacitance on changes in the defect
depth in the range from 0 to 0.9 mm at constant length /, = 10 mm. Figure 4b shows
dependence of the relative error of the wire capacitance on relative changes in the
volume of the wire insulation.

Figure 4 shows that wire capacitance changes significantly at defect depth hx =
0.65 mm, which corresponds to changes in the wire volume by more than 3.3%.
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Fig. 4 Change in wire capacity a and relative error b in the presence of local thinning of the
diameter (constant length defect)
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3.2 Eccentricity

Eccentricity is deviation of the core center from the wire center [23, 24]. Figure 5
shows the eccentricity model and a graphical diagram for capacitance calculation.

Based on Eq. (1) and mathematical analysis [25-27] of data from Fig. 5b, the
equation can be derived for dependence of the capacitance on the core displacement
relative to the wire center:

2w -e-80-1 @)
HR
ln(Hl(in)-r)

where r = d/2, R = D/2 are the core and insulation radii, mm; m is eccentricity, mm;
H1,H?2 are the distance from the axis to the center of the core and wire, respectively,
mm (the selected point is on the insulation surface).

If we assume that H, = R, then H1(m) = R — m.

C(m) =

m

2 - Insulation

Fig. 5 Wire eccentricity: a general view, b incision
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Fig. 6 Change in wire capacitance a and relative error b on wire eccentricity
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Figure 6a shows dependence of the wire capacitance on the core displacement rela-
tive to the wire center m in the range from 0 to 0.5 mm. Figure 6b shows dependence
of the relative error of the wire capacitance on the core displacement.

Figure 6 shows that eccentricity leads to a decrease in the wire capacitance. The
threshold value of the wire capacitance is exceeded if eccentricity is more than
0.1 mm, which corresponds to 10% of the core diameter.

3.3 Foreign Inclusion

Figure 7 shows the Foreign inclusion in wire insulation model. Foreign inclusion is
the presence of an air bubble, metal shavings or other object in the homogeneous
structure of insulation [24, 27]. For ease of modeling, a section is taken inside the
insulation along the entire circumference. The defect size is determined by the length
[ and the diameter of the defect inner D, and outer D5 surfaces. The case is considered
when the inner space of the defect is filled with air with a dielectric constant ¢; = 1.

The wire capacitance of this defect can be calculated using a classical formula for
a cylindrical capacitor (Eq. 1) with regard to recommendations provided in [28-30].
In this case, the wire sample capacity is calculated as the sum of capacities for each
of the three sections (similar to Local thinning of the wire insulation). Section 2 is
considered to be a multilayer cylindrical capacitor [30, 31], which comprises 3 insula-
tion layers of known thickness: polyethylene—air—polyethylene. After conversion,
the formula for calculating the capacity has the form:

1-Core 3 —Foreign Inclusion 2 - Insulation

Q
Secl S Sec2 Sec3

Fig. 7 Model of the Foreign inclusion defect
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C_2T[~80-(L1+L2)+ 2w - go - 1y
- 1 D ’
:1n(3) L(in(Z) +1n(2)) + L 1n(2)

where d and D are diameters of the core and insulation, mm; D, and Dj; are diameters
of the defect inner and outer surfaces, mm; L, L, are lengths of Sects. 1 and 3; [, is
the defect length (Sect. 2).

Figure 8 shows dependence of the capacitance and relative error on the length of
the intrinsic defect in the range from 0 to 5 cm at a fixed defect thickness # = D3— D,
= 0.4 mm.

Figure 8 shows that the Foreign inclusion defect decreases the capacity. The value
of the wire capacitance attains threshold at a length of [, = 3 cm and a fixed defect
thickness # = 0.4 mm, which is more than 6% of the insulation volume of the
defect-free wire.

Figure 9 shows the dependence and relative error of the capacitance on the thick-
ness of the intrinsic defect £ in the range from 0 to 0.5 mm at a fixed defect length
., =3cm.
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Fig. 8 Change in wire capacitance a and relative error b on changes in the length of the intrinsic
defect
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Fig.9 Change in wire capacitance a and relative error b on changes in the thickness of the intrinsic
defect
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A significant change in the capacitance of the wire is observed when the thickness
of the wire defect changes by more than 0.4 mm with a fixed length of the defect I,
= 3 cm (Fig. 9). This type of defect leads to a change in the wire insulation volume
by more than 4% of the defect-free wire volume.

4 Conclusion

Modeling allows complex studies of the effect of various types of insulation defects
on wire capacitance with no significant expenditures for creating a bank of samples.

The paper presents models of the following defects: eccentricity, local insulation
thinning and foreign inclusion, which are quite difficult to investigate. In addition, it
is almost impossible to provide variability of one of the geometric dimensions while
the other one is constant.

The study has shown that defects cause changes in the capacitance. The wire
capacitance can significantly change (by 5%) under the following conditions:

® 4.5% increase in the defect volume relative to the total volume of the wire at
increased length of the defect, and 3.3% increase at the increased depth of the
defect;
eccentricity of 10% and greater of the core diameter value;
6% increase in the volume of the intrinsic defect relative to the total volume of
the defect-free wire at increased length of the defect and 4% increase at increased
thickness of the defect.

This study presents simplified models of defects since it is only the first stage of
the research. Further research will focus on improving the reliability of the models.
In addition, the effect of other types of defects and their geometric dimensions on
wire capacitance will be investigated to show the possibility of detecting various
types of defects during technological testing of wire capacitance.
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