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This study presents a detailed numerical analysis of the electric field distribution in cross-linked polyethylene
(XLPE) dielectric insulators used in photovoltaic (PV) power transmission systems. The modeling was carried out in
Mathcad using stationary electromagnetic field equations, with the geometric parameters of the cable structure
explicitly considered: a conductor cross-section of 6 mm?, a first XLPE insulation layer thickness of 0.7 mm, and a
second dielectric layer of 0.8 mm. The investigation focused on evaluating how variations in the relative permittivity
ratio between adjacent insulation layers (g1 > &2 and &1 < £2) influence the electric potential distribution and local
electric field intensity. For the case £1 > &2, the potential at the interface reached 817 V, while the maximum electric
field intensity was 1207 kV/m, exhibiting an almost uniform field distribution across both layers. This configuration
ensured high dielectric strength and minimized localized stress regions. Conversely, when &: < 2, the interlayer
potential decreased to 518 V, but the peak electric field intensity increased to 1735 kV/m, producing distinct field
concentrations associated with reduced dielectric strength and a higher likelihood of partial discharge or breakdown.
The results confirm that multilayer XLPE-based insulation promotes electric field leveling, and that optimizing the
thickness and dielectric properties of each layer can substantially enhance dielectric robustness while reducing
material consumption. The developed numerical model provides a reliable tool for assessing the electrical
characteristics of multilayer XLPE insulation systems and offers practical guidance for the design and optimization
of high-reliability photovoltaic cables and transmission components. These findings are particularly relevant for
improving the safety, efficiency, and long-term durability of PV installations across both low- and high-voltage
operating environments.
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1. INTRODUCTION

Modern photovoltaic (PV) systems require highly
reliable power transmission lines, where dielectric
insulation determines safety and efficiency. Cross-linked
polyethylene (XLPE) is one of the most common materials
for multilayer insulators due to its high dielectric
strength, thermal stability, and aging resistance [1-4].
Optimization of the geometry and dielectric properties of
the insulation layers allows for equalizing the electric
field, reducing local stress concentrations, and increasing
the service life of transmission lines.

The integration of renewable energy sources and
storage systems into modern networks increases their
efficiency, energy independence and sustainability [5, 6].
Combining photoconverters in series-parallel
configurations forms PV batteries that perform the
function of an electricity generator. The transmission of
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electricity to the grid or hybrid inverter is carried out
through PV lines, where the electromagnetic field is the
energy carrier. The insulation system of such lines must
provide high electrical strength, which allows to reduce
the thickness of the layers, increase the permissible
current, reduce material consumption and increase the
flexibility of structures.

In modern transmission technologies, preference is given
to thermosetting polymer dielectrics, in particular XLPE,
which combines heat resistance [7], mechanical strength [8],
water resistance and ease of installation [9,10]. The
disadvantages of such materials are high cost, limited
processing capabilities, and sensitivity to moisture[11].

It is relevant to study the spatial distribution of
potential and electric field strength in transmission lines
with multilayer XLPE insulation, taking into account the
dielectric properties of each layer, which determine the
shape and intensity of the field. Recommended parameters
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of PV lines include [12]: for modular connections — 4—
6 mm2, 1-2 kV DC, XLPE, copper; for combining battery
strings — 10-25 mm?2, 1-1.5kV DC, XLPE, copper or
aluminum; for AC cables to the inverter and the grid — 16—
50 mm?, 0.6/1 kV AC or 6-35 kV for high-voltage lines,
XLPE, stranded.

Numerical simulation of electric fields is an effective
tool for predicting the behavior of multilayer insulators
[13-15]. It allows us to evaluate the influence of the ratio
of dielectric constants and layer thickness on the potential
distribution and local stresses, which contributes to the
optimization of PV line designs and increasing their
efficiency in multi-voltage systems.

The aim of the work is to develop and test a
mathematical model for determining the potential
distribution and stationary electric field strength in a two-
layer XLPE insulator of a PV line based on traditional
electromagnetic  field equations. Additionally, a
comparison of electrical parameters in layers of insulation
made of halogen-free polymers in cases of inhomogeneities
caused by the difference in dielectric constants is provided.

2. EXPERIMENTAL DETAILS

The mathematical model of the stationary electric field
of a two-layer XLPE insulator of a PV line is based on
Maxwell's equations and implemented in the Mathcad
environment. The modeling allows to determine the
potential distribution and electric field strength. The
visual programming environment provides the ability to
change the radius of the conductive core, the thickness of
the first and second layers of insulation, as well as the
dielectric constants of both layers, which allows to
simulate dynamic processes and material options.

To determine the minimum insulation thickness, basic
expressions derived from the electric field equations are
used. The field is considered stationary, since solar panels
generate a direct current. The local characteristics of the
field are determined from the complete system of
electrodynamics equations, provided that only conduction
currents are present, without taking into account
electromagnetic induction. The electric field inside and
outside the conductors is potential (vortex-free). For a
homogeneous isotropic medium, the distribution of the
electric potential is determined by the Laplace equation.

In the case of a sudden change in the conductivity of
the medium, it is necessary to take into account the
boundary conditions at the interface of the two media,
which are established as follows [13-15]: equality of the
tangential components of the electric field intensity fields
at the interface of media; greater value of the normal
component of tension in a medium with a lower dielectric
constant; equality of the normal components of the electric
displacement vectors at the interface of media; continuity
of the potential at the interface of media.

The model of multilayer cylindrical insulation is
described by the parameters: R1 — radius of the cable core;
Ri— radius of the boundary of the i-th layer; ¢; — dielectric
constant of the i-th layer;Us, — operating voltage; di =

JJ. NANO- ELECTRON. PHYS.18, 01035 (2026)

Rivx1i— R; — thickness of the i-th layer; n — number of
layers.

For perfect electric field alignment Ri-e; = const. Since
it is difficult to change the permeability smoothly,
multilayer insulation is used, where &; = const within the
layer. The value of the maximum permissible electric field
strength of the i-th layer of insulation:

U
Eimax = .—ap' (1)
- 1 R
Re, > —In| —2L
The parameters of a single-core flexible PV

transmission line H1Z2Z2-K 1 x 6 mm2 EN 50618 were
used for the simulation. The central core is made of
stranded tinned copper wires with a nominal cross-section
of 6 mm?2. The outer diameter of the cable is 6.1 mm. The
thickness of the XLPE insulation layers is 0.7 mm (layer
1) and 0.8 mm (layer 2). The nominal voltage is 1000 V for
alternating current and 1500 V for direct current. The
electrical resistance of the core is 3.39 Ohm/km. The
dielectric constant of the first layer of insulation is 2.3 at
60 Hz, the second layer is 1.53. The permissible electric
field strength is 1207 kV/m.

3. DISCUSSION

Fig. 1 shows the distribution of the electric field intensity
in a two-layer XLPE insulator of a PV line under the.
condition &1 < g2. If the dielectric constant of the first layer
is less than that of the second, the electric field strength
increases to 1735 kV/m, which leads to an increase in the
maximum voltage near the conductive core and a decrease
in the electrical strength of the insulation, increasing the
risk of breakdown.

Fig. 2 and Fig. 3 respectively show the electric field
potential gradient and electric field intensity distribution in
a two-layer XLPE insulator of the PV line with Bi-XLPE
insulation (PV-DuoXLPEInsulatedLine). Numerical
simulation showed that with a higher dielectric constant of
the first layer, the potential between the layers is 817V
(Fig. 4), and the permissible electric field strength is
1207 kV/m. The electric field intensity remains practically
constant in both layers of insulation, which indicates effective
field equalization due to multilayering.

For the case (g1 < £2) the distribution of the electric field
strength becomes inhomogeneous, and the potential between
the layers decreases to 518 V (Fig. 5).

Multilayer insulation effectively evens out the
distribution of electric field strength in PV lines. The use
of multiple XLPE layers with different dielectric constants
reduces local voltage peaks, increases the allowable
voltage and electrical strength of the insulation, while
optimizing the material thickness.

Thus, multilayering is a key factor in increasing the
reliability and safety of transmission lines in
photovoltaic systems.
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characteristics of waveguide structures.
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Fig. 1 — Electric field strength distribution in a two-layer XLPE
insulator of a PV line under the condition & < &2
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Fig. 2 — Electric field potential gradient in a two-layer XLPE
insulator of a PV line (g;>e&2) 3D simulation (left) and 2D
simulation (right) Mathcad
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Fig. 3 — Electric field strength distribution in a two-layer XLPE
insulator of a PV line under the condition &, > &2

4. CONCLUSION

Numerical simulations have shown that the potential

distribution and electric field strength in the multilayer
dielectric XLPE insulation of the PV line depend on the
ratio of the dielectric constants of the layers, and have also
confirmed the robustness and validity of the proposed
mathematical model for estimating the electrical
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Fig. 4 — Electric field potential distribution in a two-layer XLPE
insulator of a PV line under the condition & > &2
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Fig. 5 — Electric field potential distribution in a two-layer XLPE
insulator of a PV line under the condition &, < &2

In the case when the dielectric constant of the first XLPE
layer is greater than that of the second (e1>é&2), the
potential between the layers is 817 V, and the permissible
electric field strength is 1207 kV/m, which is in good
agreement with the known data [12] for the corresponding
transmission lines. The field voltage is distributed almost
evenly, which provides increased electrical strength of the
insulation. If the dielectric constant of the first XLPE layer
is less than the permeability of the second (g1 < £2), the
potential between the layers decreases to 518 V, and the
maximum electric field strength increases to 1735 kV/m.
In this case, there is a local increase in electric field
intensity near the conductive core and a non-uniform field
distribution, which reduces the electrical strength of the
insulation and increases the risk of breakdown.
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YucespHe TOCHIIKEHHS €JIEKTPUIHHUX XaPaKTEePUCTUK II€PEeXPeCHO-3MINUTOr0 IOJIieTUIeHy
Ui (hoTOraibBaHIYHUX 3ACTOCYBAHb

M.II. Bypuxk!, B.IO. Jlo6oasuncerunit!, I.I1. Bypux?, JI.C. Umup!?, B.®. Hedemuenro?, M.B. Kamenux?

v HauionanbHuil mexHiuHuil yHisepcumem «Kuiscokuii nonimexuiuHull ynigepcumem
imeni Ieops Cikopcorocon, 03056 Kuis, Yrpaina
2 Cymcvruil Oepacasruil yHisepcumem, 40007 Cymu, Yrpaina
3 Cymcoruil depocasrull nedazociunuil yHigepcumem im. A.C. Marxaperka, 40002 Cymu, Yrpaina

Y namomy mOCTIIiKEHHI IIPOBEIEHWHN JETAJbHUN YHCEJPHUA aHAJ3 PO3MOIUILYy eJIEKTPUYHOTO IIOJIsT B
JTeJIEKTPUYHUX 130J1aTOpax 13 arruroro mostiernsierny (XLPE), 1o BUKOpUCTOBYIOTECS B JIIHIAX €JIEKTpomepenad
doroenexrprunnx cucrem. MopemoBanas BurkoHano B Mathcad i3 3acTocyBaHHSIM CTAIlOHAPHUX PIBHSHB
€JIEKTPOMATHITHOTO TOJISL, 3 YPaxyBaHHSM TE€OMETPHUYHUX I1apaMeTpiB KOHCTPYKI[I MPOBIIHHUKA: ILIOIIA
TOIIEPEYHOro Imepepidy mpoBigHMKa — 6 MM2, ToBIIMHA Iepiroro mapy XLPE — 0,7 mMm, apyroro mapy — 0,8 mm.
JlocutipreHO BILIMB CITIBBIHOINEHHS BIJHOCHOI J[1€JIEKTPUYHOI IMPOHUKHOCTI MiX IIapamu (& > 2ra &1 < £2) HaA
POSIIONIJI TIOTEHIHAIY Ta IHTeHCHBHICTH €JIEKTPUYHOrO IosiA. J[JIs BUmamky & > £ollOTEHIAJ Ha MeKl IIapiB
nocsraB 817 B, a MmakcuMasbHa HATPYKEHICTh eJIeKTpraHoro moss — 1207 kB/m, mpu mpomy 1oste OyJio maiike
piBHOMIpHUM 1O 000X mapax. Taka KoH@irypariis 3abe3medye BHCOKY [JleJIEKTPHYHY MIITHICTH T4 MIHIMI3aIlio
JIOKQJIbHUX HAIpPykeHb. HaBmaku, mpu &1 < £2II0TEHIal Mk mapamMu 3MeHIryBasces 10 518 B, a makcumasibaa
IHTEHCHBHICTH T0JIsT 3pocTasa a0 1735 kB/M, crBopiooyn JIOKAIBHI MIKH, 10 3HUKYIOTH JleJIeKTPUYIHY MIITHICTh
Ta MIBUILYIOTH PU3UK IIP000I0. PedysbraTy MmMaTBepIKyIoTh, 10 OararormapoBa i3ossris Ha ocuHoBl XLPE
e(peKTHBHO BUPIBHIOE €JIEKTPUYHE II0JI€, a OIITUMI3allisi TOBIIMHY Ta J1eJIeKTPUIHUX BJIACTHBOCTEH KOKHOTO IIapy
JI03BOJISIE MIIBUINUTH JieJIEKTPUYHY HAINHICT TA 3MEHIIIUTH BUTPATU MaTepiaiy. Po3pobiiena yncepHa MOJeIIb
€ HaJiMHUM 1HCTPYMEHTOM J1JIs OIlIHKHU eJISKTPUYHUX XaPAKTEPHUCTHUE 0araToiapoBuX JieJIeKTPUYHHIX 130JIATOPIB
Ta HAJAe MPAKTUYHI PEKOMEHAIlil IM0J0 IPOEKTYBAHHS Ta ONTUMI3allli BUCOKOHAIIMHUX (POTOEIEKTPUIHUX
KabesiB 1 cucreM mepemadi enexTpoeHeprii. Lli peaynbTaTu 0COOJHMBO aKTyaJIbHI [JIs MiABUINEHHS OE3IICKH,

e)eKTUBHOCTI Ta IOBrOBIYHOCTL

EKCILIyaTAallii.

OTOESIEKTPUYHIX YCTAHOBOK y HH3BKO-

Ta BHCOKOBOJIBTHHX YMOBax

Kimouosi cinosa: XLPE,Eneproedexrusnicts, JieaerTpudHi 130/1aT0pH, XapaKTEePUCTUKN €JIEKTPHUYIHOTO II0JIA,

DoroesrexTpryHi JiHI1, YHceIbHEe MOIEIIOBAHHS
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