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Abstract

Dielectric strength is a very important parameter for cables. It can vary according to temperature and
frequency. The complex electrical permittivity of the Cross-linked polyethylene (XLPE) and Copper
Polyester/Mylar band layers of a cable determine the maximum electric field created inside the cable
operating at sinusoidal voltage. The value of this electric field should be less than the dielectric strength
of the materials used. The electrical characteristics of XLPE and Copper Polyester tape depend on
frequency and temperature. In a power cable, the temperature depends on the radial position, which
makes it difficult to calculate the cable’s electric field. In this study, it was shown how to calculate the
electric field of the cable by using XLPE and Copper Polyester band data taken from the literature and
numerical integration. It was found that the calculated value is less than the Dielectric strength value of
XLPE material. It has been shown how the electric field of the power cable under investigation changes
according to frequency and temperature.
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1. Introduction

Single-core power cables are widely used for power transmission [1]. Typically, XLPE and
Mylar serve as insulation materials within these cables, with cable characteristics like complex
permittivity and aging significantly influenced by temperature variations [1, 2]. Due to the
importance of XLPE material, its characteristics such as leakage current, water treeing, and
contact angle are examined for its better usage [3, 4]. Modeling cables presents a considerable
challenge due to their inherent complexity [5]. The dielectric strength stands as a crucial safety
parameter for insulators [6]. It's known to vary based on factors like frequency, temperature,
and the material's thickness [7]. Upon experiencing a breakdown, a cable becomes inoperable,
failing to meet the expected operational standards [8]. The maximum electric field specified by
the operation voltage in a cable should stay below the dielectric strength [9]. Sometimes a safety
factor can also be used for this purpose since an overvoltage also contributes to the aging of
medium voltage XLPE Power Cables [10]. The dielectric strength of a material can also change
with the humidity [11]. Isolation tests are conducted on electrical machinery and cables to
assess their suitability for operation under specified conditions [10]. For a cable to operate
without failure, the maximum electric field occurring within it should be calculated and its value
should be less than the dielectric strength of the material used to minimize the time and expenses
needed for the tests [12]. High-voltage technique literature often calculates the maximum
electric field by modeling materials using a constant permittivity [12]. However, the assumption
of constant permittivity does not hold true due to the temperature and frequency-dependent
nature of materials [13, 14]. The complex relative permittivity of an XLPE sample is measured
and presented as a function of temperature and frequency [15]. The experiments in [15, 16],
employ a rectangular prism sample of XLPE. However, XLPE within a single-core power cable
possesses a cylindrical geometry, requiring the calculation of its electric field to account for
this shape. Furthermore, these cables encompass various components like Mylar, Armour, and
Halogen Free Flame Retardant (HFFR) impacting their overall thermal behavior [17-19]. These
regions make the calculation of the electric field of a single-core power cable more difficult.
The harmonics created by the nonlinear loads can also contribute to the electric field within a
cable and results in its additional heating [20]. Excessive heat and voltage stress can lead to
premature aging of cables [21]. The type of operation voltage, AC or DC, also affects the
breakdown voltage of the insulation materials [22]. To the best of our knowledge, the electrical
field of a cable is calculated using a constant permeability in literature, not taking into account
its operation frequency and the temperature distribution within the cable. That’s why it is
imperative and useful to have a method which gives the electric field within the different regions
of a cable as a function of frequency and temperature by considering different cable insulator
layers. In this study, the maximum electric field of an unaged single-core power cable is
calculated by considering the frequency and temperature dependencies of the XLPE and Mylar
materials, using numerical integration in the cylindrical coordinates, developing the necessary
code in Matlab in steady-state, and comparing the calculated value with the dielectric strength
of the materials to see whether the breakdown would occur or not. This algorithm can be used
for designing single-core power cables and assessing their dielectric strength. In this study, the
XLPE data is taken from [15], the Mylar data is taken from [23], the dielectric strength of XLPE
is taken from [24], and the dielectric strength of Mylar materials is taken from [23], and the
heat transfer parameter are taken from [21, 23-25].

The paper is arranged as follows. The second section introduces the heat transfer model for the

single-core cable. The third section details the electrical permittivity models employed for the
XLPE and Mylar insulators. In the fourth section, the maximum electric field values of the
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power cable within the XLPE and Mylar layers are calculated using the established permittivity
models. The paper is concluded with the conclusion section.

2. The thermal circuit of the single-core cable

A mathematical model of a cable line with cross-linked polyethylene insulation shown in Figure
1.a is made in this section. The cross-section of the cable is presented in Figure 1.b. The steady-
state thermal circuit model of the single-core cable is given in Figure 2. When modeling the
thermal circuit, the following assumptions are adopted:

— the cable has an ideal cylindrical shape;

— the parameters of the cable and its environment do not change along the axis.

Under these assumptions, the heat is uniformly distributed from the cable axis to its surface and
dissipated from the surface into the environment.

In the equivalent circuit of the single-core cable, each layer (Figure 1.b) of the cable cross-
section is represented in the form of thermal resistances (Figure 2). The thermal resistance of
each cable layer is calculated using the radii of the concerned layer. The symbols of the radii
are presented in Table 1. The thermal resistances of the cable depend on the material and the
inner and outer radii of the cable layer.

UNIKA U-HFA m EMC

MAKE UP
1. Conductor : Annealed Bare or Tinned stranded copper in accordance with IEC 60228 CL2 or CLS
2. Insulation : Cross-linked polyethylene XLPE in accordance with IEC 60092-360
3. Tape H Copper polyester tape
4, Armour H Bare or Tinned copper wire braid in accordance with |IEC 60092-350
5. Outer Jacket Halogen free extruded compound, SHF1 or SHF2 in accordance with IEC 60092-360
(a)
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Figure 1. The side view of the single-core cable structure (Courtesy of UNIKA).
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Figure 2. The steady-state thermal circuit of the single-core cable.
According to Joule-Lenz’s law, the power loss within the copper conductor is calculated as
P = Raclims- @

where I, is the effective current of the power cable, and R4 is the AC resistance at the
operation frequency.

Ignoring the end effects, the thermal resistance of a long hollow cylindric layer [26] is
calculated as

— ln(rout/rin) (2)
TH 2kl
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where L, r;,,, and r,,,; are, respectively, the length, the inner radius, and the outer radius of the
layer, and Kk is its thermal conductivity.

The radii of the layers of the examined single-core cable are given in Table 1. The thermal
conductivity of each layer is given in Table 2. The heat conductivities of Copper and the HFFR
compound are adapted from [21]. The heat conductivity of Mylar is adapted from [21]. The
heat conductivity of XLPE is adapted from [25]. The conductor temperature should not exceed
90 °C [19]. The ambient and conductor temperatures are used as 20 °C and 90 °C, respectively,
in the calculations as done in [28]. For a long single-core cable, the formulas and the calculated
values of the thermal resistance of the layers are given in Table 3.

Table 1. The radii of the layers of the single-core cable [28].

Name Symbol Value (mm)
The Copper wire radius 7, 7.62
The XLPE layer outer radius TXLPE 9.62
The Mylar layer outer radius "Mylar 9.99
The Armour layer outer radius Tarmour 10.59
The HFFR layer outer radius TYFFR 12.19

Table 2. The thermal conductivities of the cable layers [28].

Material Thermal Conductivity Symbol Thermal Conductivity Value (W-m™2-K™)
Copper karmour = kCopper 398
XLPE KyLpE 0.28
Mylar k 0.155

y Mylar (At the temperature range of 25.0 - 75.0 °C)
HFFR Kyrer 0.25

Table 3. The thermal resistance of the layers.

The layer name Thermal resistance of the layer Its value (W/K)
In(ryLpe/7:)
XLPE R =— 0.1324
THXLPE 21k g pel
ln(TM 1ar/ TXLPE)
Mylar R = yars AnJ 0.03875
y THMylar 2K ryrar
In (rArmour / ™ ylar)
Armour R = 2.411e-5
THArmour l ( 27Tk;1rmourL )
n erfr Tarmour
R = .
HFFR THHSfr ) 0.07837
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Using the thermal circuit analogy, in the steady state, the temperature distributions needed are
found as follows. In the steady state, the XLPE temperature (Ty) at r = ry; p IS found as

R Tc—T,
Ty = Tp — THXLPE(Tc—Ts) _ 3)
RTuxLPEtRTHMylartRTHArmour Y RTHHf fr

The simulations are done with the thermal conductivity values presented in Table 2. The
temperature in the XLPE insulator is calculated as

T(r) = (Te — Ty) m/Txees) 4 o )

In(rc/rxLpE)

In the steady state, the Mylar temperature (Ty,) at 7 = 7yy,4, IS calculated as

RraMylar(Tx—Tym)
Ty =Ty — .
M X RTuxLPEtRTHMylartRTHArmourYRTHHf fr (5)
The temperature in the Mylar layer is calculated as
l ar
T(r) = (Ty — Ty) —lit¥ler)_y g, ®)

In(rxLPE/TMylar)

The steady-state heat transfer analysis of the cable is made using Equations (3)-(6) and the
calculated temperatures at the layer boundaries are presented in Table 4 as similarly done in
[28]. The temperatures with respect to the radial position within the XLPE and Mylar insulators
are illustrated in Figure 3. They are used to calculate the maximum electric field occurring on
the inner conductor by also taking the operation frequency into account.

Table 4. The temperatures at the interface boundaries.

The temperature Its value
The conductor temperature atr =1, T¢ 90 °C
The XLPE temperature at r = ry;pg, Tx 55 50 °C
The copper polyester (Mylar) band temperature at 7 = 7y, , Ty 45.41°C
The copper armour temperature 45.40 °C
atr = Tarmours Tarmour '
The ambient temperature or the HFFR temperature at v = ryppr, Tyrrr(= 25 0C

Ts)
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Figure 3. The temperature within a) the XLPE and b) the Mylar vs. radial distance.

3. Complex permittivity model of the insulators

In this section, the electrical permittivity models of the insulator materials used in the power
cable are presented as done in a similar way in [28].

3.1 Complex permittivity model of the XLPE insulator

In this subsection, the relative complex permittivity components of the XLPE layer of the power
cable are presented. The complex permittivity of the XLPE material is measured and given in
[15], Inthis paper, the data given in [15] is reproduced with Getdata program [27]. The leakage
impedance of the cable is calculated using the reproduced data from [15] in [28]. Also, ANN
models of the data can be found in [29]. Both the real and complex parts of the permittivity are
assumed to be a function of temperature (T) and frequency (f). They are illustrated in Figures 4
and 5, respectively. The complex permittivity of the XLPE material is expressed as

ExLpe(f,T) = E0E'(f,T) — jEE(f, T). (7

where €'and €"'is the real and imaginary components of the relative complex permittivity, and
€0 = 8.85- 10712 F/m is the permittivity of vacuum.
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Figure 4. The reproduced real component of the complex relative permittivity € of the XLPE
material measured as a function of frequency and temperature in [15].
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Figure 5. The reproduced imaginary component of the complex relative permittivity €' of the
XLPE material measured as a function of frequency and temperature in [15].

3.2 Complex Permittivity Model of the Mylar Insulator
In this subsection, the relative permittivity and dissipation factor of Mylar insulator are

presented. The electrical properties of Mylar given in [23] are reproduced with Getdata program
[27]. The data retrieved from [23] was less extensive than the XLPE data acquired from [15].
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The relative permittivity, Eyy1a,(f, T), and the dissipation factor, DPyy,.(f, T), of Mylar are

assumed to be functions of temperature (T) and frequency (f) as done in [28]. They are
illustrated in Figures 6 and 7, respectively. The electrical conductivity of Mylar insulator is
found as

OMylar (f,T) = o€ Emylar (f,T)DP Mylar (f, 1), (8)

where w = 2xf is the angular frequency.

Relative Permittivity of Mylar

160
100 120 140
frequency(Hz) 20 40 60 80

Temperature (C)

Figure 6. The relative permittivity of the Mylar vs. temperature and frequency.
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Figure 7. The dissipation factor of the Mylar vs. temperature and frequency.
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4. The electric field calculation of the power cable
The electric field within the cable in the cylindrical coordinates is calculated as
E=E, a, +E ag +E, G,. 9)

The electric field components are given as

Er = _E’ (10)
10V
E¢ = —;5, (11)
and
ad
E,=-2. (12)

The azimuthal component of the electric field is zero due to axisymmetry:

The longitudinal component of the electric field is assumed to be zero since the cable is
sufficiently long:

E, = 0. (14)

Therefore, only the radial component of the electric field is of interest. Also, the following can
be written:

I=¢JdS =]2mrL. (15)
where J is the complex current density of the power cable within the insulator and I is the

leakage current. Due to having axisymmetry, the complex leakage current density in the long
power cable at the radius r can be given as

j= L@, (16)

In any dielectric, under the influence of an alternating voltage of angular frequency w applied
to it, active and capacitive components of the current density arise [27]. It is well-known that
Cross-linked polyethylene is a non-polar dielectric with low conductivity. Remembering the
relationship between the electric field and the current density in the frequency domain, the
current density and the electric field within the XLPE layer are given as

f: jo&(w,T) E 17)
and
E=T/ jwE(w, T). (18)

Using the leakage current, the electric field within the XLPE layer can be written as

I

- 2nrLjog(w,T)’ (19)
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Submitting Eq. (10) into Eq. (19), Eq. (20) is obtained:

av I
dr  2nrLjog(w,T)

The potential difference across the XLPE layer is calculated as

erLPE Iar 1 fTXLpE dr

rc 2mrLjwe(w,T(r))r B 2nljw 'Tc ré(w, T(0)r

Vyipe = —
The current density and the electric field within the Mylar layer is given as
J= (Omylar(@, T) + jwEqEpytar(w, T)) E

and

E=T/(0_Mylar(wr T) + waOSMylar(w; T)).

Using the leakage current, the electric field within the Mylar layer can be written as

I
B 2mrL(omylar (@, T) +jwEEmylar (0, T)) '

Submitting Eq. (10) into Eq. (24), Eq. (25) is obtained.

av I
dr 2TU‘L(GMylar(("L)r T) + waOEMylar (0); T))

The potential difference across the Mylar layer is calculated as

VMylar =
_erylar Idr _ I erylar ar

TXLPE ZﬂrL(O'Mylar(w;T)"'].wSOSMylar(w'T))_ 2nL “TXLPE r(O'Mylar(w:T)+jw80€My1ar(w:T)).

(20)

(21)

(22)

(23)

(24)

(25)

(26)

The potential difference across the central conductor and the shield or the XLPE and Mylar

layers is found as

r I r dr
V — _J‘ MylarErdr — : f XLPE —
TC 2nLjw 'Tc r&(w,T(0)r

TMylar

I f dr
B 2rL r(GMylar(("O: T) + ijOSMylar(wf T))

TXLPE

where V is the applied phase voltage in the phasor domain.
The leakage current of the power cable can be found as

2LV

[=—
1 dr TMylar dr

TMylar
— —— :
<J w e r€(w, T(r)) = “rxpe r(omylar(®, T) + j0€Epyar(w, T)))
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In the steady-state, the electric field within the XLPE region is calculated as

I
E =
XLPE = o nrLjwe(w, T (1))

(30)

By submitting Eg. (29) into Eq. (30), the electric field within the XLPE region is found as

V
Exipe = —
TXLPE ﬂ . "Mylar dr ) (31)
& (frc ré tjw fTXLPE r(Omylar + jWE(Epmylar)

In the steady-state, at » = r on the conductor, the maximum electric field within the cable
occurs and is equal to

I

E = 32

XLPEmax ZRTCijS(w,T(TC)) ( )
EXLPEmax
=~ 4 (33)

. 1 rxipe dr TMylar dr
T — — y :
rcjw€(w, T (1e)) (]a) frc re(@, T(0) + erLPE T (Ogtar (@, T) + JOE, Eptylar (®, T))>
In the steady-state, the electric field within the Mylar region is calculated as
I

EMylar = (34)

2T[rL(GMylar ((U; T) + waOSMylar(w: T))
By submitting Eq. (29) into Eq. (34), the electric field within the XLPE region is found as
jwv/(r(GMylar + waOSMylar))

TXLPE ﬂ . (TMylar dr ) (35)
(frc ré tjw erLPE r(GMylar + ijOEMylar)

EMylar - =

In the steady-state, at r = ry;pr On the boundary between the XLPE and the Mylar layers, the
maximum electric field within the Mylar occurs and it is calculated as

I

ZT[rXLPEL(O_Mylar (w, T(ryxpg)) +jwE EMylar (w, T(rxLpE)))

EMylarmax = (36)

E Mylarmax

_ jwV/(rXLPE (GMylar + ijOSMylar)) (37)

TMylar dr . TMylar dr
2+ :
(frc rS(oo, T(r)) jw frxLPE F(O'Mylar(w' T) + ](UEOEMylar(wr T)))

5. The numerical calculation of the dielectric strength

The left integral in Eq. (31) (The XLPE layer’s contribution) can be calculated numerically by
taking the total number of XLPE layers as Nx.pe:
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TXLPE i=NxLpE

f A 4= Z ar (38)
o, TM)r 1 L Ef (w0, TM) —jEE" (0, TMT()

rc
where i is the XLPE layer number, r(i) = r, + iAr is the radius of the i"™"XLPE layer, and
T@) = (Te —Tyx) @ /rxie) 4 Ty is the temperature of the i*" XLPE layer.

In(rc/rxLPE)

Similarly, the right integral in Eqg. (31) (The Mylar layer’s contribution) can be approximated
numerically by taking the total number of Mylar layers as Nwmyar:

Mylar

dr
f . ~ A,
FXLPE r (GMylar ((1); T) + ](1)80 SMylar((l), T)) (39)

izNMylar

Ar
B ZO (GMylar(wv T(i)) + waMyIar ((D, T(i)))?"(i)

where i is the Mylar layer number, (i) = r, + iAr is the radius of the i*" Mylar layer, and
T) =Ty —Ty) G @/rmytar) + T), is the temperature of the i™ Mylar layer.

In(rxLpe/TMylar)

The maximum electric field on the conductor or of the cable is found by using the sum of the
Mylar and XLPE contributions:

|4 |4

T‘Cja)E(a),T(rC)) ([A_al) + Az) T 1c€(w, T(rc)) (A + jwAy) (40)

ExipEmax = —

The voltage of the cable is considered to be sinusoidal in this study. If the phase voltage is given
as

v(t) =V, sin(wt) (42)
The absolute value of the electric field on the conductor radius can be found calculated as

IE | = Vo
XEPEmaxt ™ |r €(w, T(re)) (A; + jwA,)

(42)

Similarly, Eq. (33) can be approximated numerically by taking the total number of Mylar layers
as Nwylar:
joVin

. A
TxLPE (GMylar + ](*)EOSMylar) ([_(11) + AZ)

EMylarmax =

(43)

The absolute value of the electric field within the Mylar can be found calculated as
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Vin

. A
TXLPE (GMylar + ]wSOSMylar) ([_(1.1) + AZ)

|EMylarmax | = (44)

An m-file is written in Matlab to calculate the dielectric strength of the cable. The inputs of the
Matlab file are chosen as the parameters given in Tables 1 and 2, the cable voltage amplitude,
the XLPE complex permittivity function, the Mylar conductivity and permittivity functions, the
conductor temperature, and the ambient temperature.

The electric fields of both the XLPE and Mylar layers are calculated for the parameters given
in Tables 1-3 and are shown in Figure 8. The dielectric strength of XLPE insulator ranges from
35 to 50 kV/mm according to [24]. The electric field on the conductor is found as 2.1451.10°
V/m which is quite less than the dielectric strength of XLPE. The dielectric strength of Mylar
insulator ranges from 1.33 to 1.66 kV/mm according to [23]. The maximum electric field at the
inner radius of the Mylar layer is found as 1.195.10° V/m which is less than the dielectric
strength of Mylar. It has been shown in Figure 8 how the maximum electric fields of the power
cable in Mylar and XLPE layers under investigation change with respect to frequency and
temperature.
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Figure 8. The maximum electric field of a) the XLPE and b) the Mylar layers vs. frequency for
Ts=25 °C and T¢=90 °C.

6. Conclusion

In [15], the complex permittivity of an XLPE material is determined based on a prism-shaped
sample. However, single-core cables, characterized by cylindrical shape, exhibit temperature
variations dependent on the radius due to their extended length and axisymmetry. In this
manuscript, the maximum electric field of such a cable is found by means of numerical
integration with the XLPE and Mylar data because of the radial dependence of the cable
temperature. The maximum electric field of the XLPE and Mylar layers are found considering
not only the operating frequency but also the ambient and conductor temperatures. It is shown
that the calculated maximum insulator electric fields remain less than the dielectric strength of
the materials for the whole operation frequencies and the maximum conductor temperature
considered. As a result, the model proposed in this study presents a viable approach for
designing power cables, eliminating the necessity for costly programs like FEM software.

In [30], the effects of defects that may occur during the production phase of power cables on
electric and magnetic field distributions are examined using the Finite Element Method
Magnetics (FEMM) program. However, such a program is expensive, and it may take time to
examine such a case (the electric field distribution). A simpler solution that does not need a
FEM program would be quite useful. As a future work, it would be beneficial to make a similar
analysis considering the defects in a similar way in cable design and go to the production stage.
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