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Abstract 
The article shows that the presence of impurities or oxidation products resulting from heating in insulation leads to leakage 
currents. A mathematical model was obtained that allows calculating the power of partial discharges (PD), as well as 
determining the location of the m1 inclusion in the main insulation, due to the power of the active component of the 
leakage current, when it occurs in the main cable insulation. The calculation of the change in heat flux passing through the 
layers of cable insulation by the piecewise-specified functions method, taking into account the thermal resistance of the 
inclusion, is carried out. The method proposed in the developed model makes it possible to account for heat losses based 
on the thermal and geometric dimensions of the inclusion. This will allow to obtain the temperature in all layers of the 
PCL, starting from the radial distances, inclusion parameters caused by the insulation core current, as the main 
temperature-forming factor. 

the power supply system, due to exceeding the 
permissible temperature make the analysis of its thermal 
conditions very important. 

In accordance with the general ideas about the 
destruction of insulation, the determining energy should 
be either the energy of a single partial discharge (PD) 
WPD, or the power of discharges and PSD. In insulation, 
thermal breakdown may develop [4] associated with the 
heating of the dielectric when conduction current flows 
and the development of dielectric losses [5, 6,7]. 
However, direct measurement of PPD and WPD is in most 
cases practically impossible, since they are very small [8]. 
The amount of heat released in the dielectric is 
proportional to the dielectric loss. To measure the 
temperature of the most heated point of the cable (core), 
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1. Analytical review of publications and
problem statement

The capacity of power cable power supply systems is 
determined by its thermal conditions and is the defining 
characteristic. Temperature is one of the main factors 
causing insulation deterioration [1,2,3]. At the design 
stage of the PCL, according to the method described in 
IEC 60287, their throughput is determined, taking into 
account all possible factors arising during operation - they 
choose factors that provide a heating margin, therefore, in 
some cases, the cables are underloaded, and sometimes 
they work at the limit thermal stability. Numerous cases 
of failure of the power cable - as an essential element of 
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where the most intense thermal wear of the insulation 
occurs, is possible only by an indirect method. Therefore, 
an important task is research in the field of indirect 
temperature measurement based on a mathematical model 
of thermal processes that can be used in software 
algorithms for continuous diagnostics of power cables [9, 
10]. The thermal field for PCL, the construction of which 
is shown in Fig. 2, is described by the differential heat 
conduction equation (1), which determines the change in 
temperature distribution in a volume as a function of time. 

where qV - power of bulk heat sources (volumetric heat 
release density), W/м3; Т – temperature, ˚К; t – time, s; сV
– bulk heat capacity J /(К·m3); χ – thermal conductivity,
m2 /s. The coefficient χ s determined by the formula
χ=λ/cv, where λ – coefficient of thermal diffusivity,
W/(m·К).

The methodologies for evaluating thermal steady-state 
SCR regimes described in IEC 60287 (1989) are based on 
the Neier-Mac Graf model, which boils down to 
determining the allowable load current of cables 

where Qal – dielectric loss in insulation per unit length, Tal 
– permissible cable operating temperature (for XLPE
insulation – 90ºС), ºС; T0 – ambient temperature, ºС;
W/m; Rc – electrical resistance of the core to alternating
current per unit length at maximum operating
temperature, Ω/m; RT1, RT2, RT3, RT4 – thermal resistances
of various layers of cable construction and environment
per unit length, ˚К·m/W; Δ1, Δ2 – the ratio of total losses
in the screen and armor to the sum of losses in the
conductive core.

In papers [4], on the contrary, IEC 60287 is used to 
determine the values of internal heat sources, and with the 
help of field models they calculate the temperature of 
cables. 

The main regulatory document establishing the 
calculation of thermal processes in power cables is IEC 
60287. Its identical variants are available in Russian 
GOST. 

 GOST 60287-1-1 considers the method of calculating 
the rated current load of the power cable based on the 
allowable temperature of the core. GOST 60287-1-3 
proposes a method for calculating losses in metal sheaths 
of cables due to currents circulating in these sheaths, 
based on matrix methods. 

In [11], the dependence of the specific thermal 
resistance and specific heat capacity on temperature for 
cross-linked polyethylene is analyzed. It is argued that 
this dependence is significant and must be taken into 
account in the calculations of the thermal processes of 
cables. Experimental graphs of these dependencies are 
given, as well as approximation relations. 

In [11], a system of quasilinear parabolic differential 
equations is considered, which describes thermal 
processes in a single-core single cable laid in the air and 
the corresponding boundary conditions. The solution of 
this system with the substitution of the approximating 
dependencies from [11] is given. Experimental and 
theoretical diagrams of non-stationary thermal processes 
for the APVP cable are also shown, showing that the 
methodology is sufficiently adequate. 

In [12], a method for calculating the thermal fields of a 
power cable is considered on the basis of solving a 
coupled problem of electrodynamics and heat transfer for 
cables made of cross-linked polyethylene using the 
equation of a plane-parallel quasistationary field. Given 
the calculated pattern of thermal fields, taking into 
account the currents in the cable screen. 

Zaitseva ES, et al. [13] developed a mathematical 
model of temperature distribution in a high-voltage 
shielded cable with insulation made of cross-linked 
polyethylene, which allows analysis, knowing only its 
thermal characteristics and environmental conditions. 

2. The relevance of research

The review of literature sources in the field of research of 
thermal-fluctuation processes based on thermal equivalent 
circuits of the PCL showed that when developing 
mathematical models for analyzing active losses affecting 
the state of the main cable insulation, electrodynamic 
forces of the lived and its own electromagnetic field were 
taken into account, leading to insulation heating, and as a 
result occurrence of leakage currents [14]. It was shown 
that despite the significant difference in operating modes, 
their combined effect on cable insulation occurs [14, 15]. 
However, none of the considered mathematical models 
takes into account the thermal losses caused by the PD in 
PCL insulation and their influence on the temperature 
distribution profile at characteristic points of the PCL 
cross section.  

In this regard, the topic of partial discharges is a 
complex problem in electrical insulation, and the task of 
studying the effect on the isothermal characteristics of the 
PCL, the temperature gradient of inclusions in the main 
insulation, is important and relevant. We set the task of 
developing a mathematical model of the thermal 
processes of a power cable, taking into account the 
magnitudes of internal heat sources. 

Heat processes in the PCL are caused by active losses 
(Fig. 1) which are converted into heat flux passing from 
the cores through the dielectric to the external 
environment [16, 17].  
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 Figure 1. Structural diagram of thermal processes 
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Power electrical losses in the conductors of the cable is 
determined by the known formula: 

 (1) 

Active power is converted to heat flow [11]: 

 (2)  

The change in heat flux passing through the layers of 
cable insulation per unit of time is also an active power 
and is measured in [W]: 

(3) 

here Q is the amount of heat transmitted through a 
layer of material with a thickness AL of area S while 
maintaining on its planes the difference in temperature AT 
at a time t, X is the specific thermal conductivity of the 
material.  

The processes of insulation destruction under the action of 
heat flux are studied in detail, for example, in [18]. The 
presence in technical dielectrics of a small number of free 
charges associated with the presence of impurities or 
oxidation products resulting from heating in insulation leads 
to leakage currents, generally defined by equality [19-21]: 

 (4) 

where U is the voltage between the dielectric layers; ω is 
the angular frequency of the current; С - capacitance 
between dielectric layers. 

The calculation of the change in heat flux passing 
through the layers of cable insulation is carried out 
depending on the radial distances using the piecewise-
specified functions method, which takes into account the 
location of the BI defect (m1). It depends on the degree of 
heating of the core and the thermal properties of the BI. 
Radial distances are calculated from the center of the 
core, which makes it possible to obtain a picture of the 
distribution of the temperature gradient.  

The power released by the active component of the 
leakage current can be calculated by the formula: 

 (5.1) 

        (5.2) 

where h is the radial distance (variable), hc is the radius of 
the outer edge of the main insulation, m1 is the location of 
the defect, SЖ is the cross-sectional area of the core, δinc is 
the inclusion current density, hinc is the inclusion size, λinc 
is the inclusion thermal conductivity, γinc is the inclusion 
conductivity, γc is the conductivity of the core, h (bi) is 
the outer radius of the main insulation, λ (bi) is the 
thermal conductivity of the main insulation Pbound is the 

heat flux at the boundary of the inclusion and the main 
insulation: 

Inclusion current density: 

Inclusion capacity: 

where  – inclusion height. 
Thermal resistance of inclusion: 

where – thermal conductivity; – specific number
of particles (  = 2.6786e+25);   – mobility of
positively and negatively charged particles. 

Volume of the Inclusion: 

The voltage on the inclusion of: 

where h – radial distance of basic insulation. 
The surface area of inclusion: 

Charge of the inclusion: 

To determine the location of the PD, the expression is 
entered into the system for calculating temperatures (7): 

(6) 

where In – rated current of the conductor; It – core current 
in real time.  

Thus, the obtained mathematical model allows us to 
calculate the power of the partial discharge, as well as 
determine the m1 (6) inclusion position in the main 
insulation, due to the power of the active component of 
the leakage current (7), when it occurs in the main cable 
insulation. 
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3. Materials and methods

To monitor the thermal fluctuation processes in the PCL, 
the method of built-in temperature sensors is used [21, 
22]. Consider a power cable as a system of the following 
thermal uniform bodies: conductive core, main insulation, 
screen, protective sheath, external cooling medium (Fig. 
2).   
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Figure 2. Cable cross-section and its thermal 
equivalent circuit 

Where θc, θb.i., θs, θp.s, θe , θv - temperatures 
respectively on conductive core, basic insulation of the 
core, the screen, protective sheath and the environment 
and the inclusion (° C); Cc, Cs, Cb.i., Cp.s, C.e., Cinc are 
the heat capacities of the core, screen, main insulation, 
containment, environment and inclusion, respectively; Рc, 
Rs, Rb.i., Рp.s., Rv - thermal resistances respectively of 
conductive core, basic insulation of the core, the screen, 
protective cover and the inclusion; Qc, Qv, Qs - sources 
of current, replacing the temperature head, created by the 
current flowing through the core, the inclusion and the 
screen. 

In [14, 23], the cable for calculating its thermal 
processes is considered as a system of homogeneous 
bodies (7).  

(7) 

However, this model does not take into account such 
factors as the effect on the heating of the cable - dielectric 
losses in the insulation, namely the PD. The proposed 
mathematical model (7), along with the layer-by-layer 
calculation of isotherms in the cross-section of the cable 
(Fig. 3), makes it possible to determine the presence of 
inclusions in the insulating material. The heat released in 
the insulating material (dielectric) Qb.i is calculated and 
proportional to the dielectric losses in the inclusions 
(partial discharge energy WPD) is made by analogy with 
the calculation of the released heat Q in the core (screen) 
[14], but only taking into account the power released by 
the active component of the leakage current. 

The temperature profile in the cross section of the 
investigated power cable APU Pu g-1x240 / 25-10 was 
determined by the system of equations (7), in accordance 
with the theory of thermal conductivity, Fig. 2, where Ic, 
Is– currents in the core and the screen; ϰ – coefficient of 
thermal conductivity ; jc=Ic/Sc;

js=Is/Ss; Sc, Ss – cross-sectional of the core and screen 
surface areas; γc, γs – conductivity of the core and the 
screen, . 

4. Results and discussions
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The physical properties of the materials and the 
geometrical dimensions of the elements of the cable 
APVPu g-1x240 / 25-10, are summarized in Table 1. 

Table 1. Cable parameters. 
Material 

Parameter Aluminum XLPE Copper Air 

Thermal conductivity 
(W/(m·k)) 209.3 0.38 400 0.02

59 

Density (kg/m3) 2700 2200 8700 1.2 

Specific heat 
(J/(kg·k)) 920 1900 385 1005 

Electrical conductivity 
(S/m) 31,75*106 1·10-9 5*107 -- 

Figure 3. Graphs of the temperature distribution in 
the characteristic points of the cross section of CL 

In accordance with the system of equations (7) in 
Matlab, a temperature gradient is constructed in the cross 
section of the cable and the environment. The calculations 
were performed with a current in the cable core up to 640, 
A. The current in the cable jacket is determined by the
cable operation mode (core current), 60% was adopted in
relation to the core current.

Since the literature on the calculation of 
thermofluctuation processes, taking into account the size 
and location of the inclusion in the main insulation of the 
power cable, was not revealed by the authors, no 
comparison was made. However, in [21], a comparison 
was made between the experimental and calculated values 
of core temperatures for a given temperature on the cable 
surface, as well as a comparison with the model results 
[22], and high values of the correlation coefficient were 
shown. 

5. Conclusion

Thus, the analysis of the obtained isothermal 
dependencies of highly heat-conducting elements (core 
and cable shield) shows their weak dependence on 
temperature change (horizontal shelves in the graph). The 
temperature gradient obtained in the insulating material 
(XLPE cable) confirms their insignificant heat 
conduction. The significant difference between the 
measured temperature (θp.s.) and the temperature at the 
cable core makes it necessary to recalculate the surface 
temperature of the cable (θp.s.) to the temperature of the 
core (θc). That is, it is sufficient to determine the 
temperature field on the cable surface (θp.s.), and then, 
based on the system of heat conduction equations (7), 
obtain the temperature over all layers of the cable.   

The study of the obtained temperature distribution 
profile showed the possibility of modeling along with the 
temperature field of the cable, losses in inclusions (partial 
discharge energy WPD). So from Figure 3, one can see 
the presence of inclusions in the insulating material, their 
number and location in the dielectric. This indicates the 
thermal deterioration of the insulation, due to the power 
(7) determined by the active component of the leakage
current, and is observed near the cable core. In
comparison with [5, 14], the proposed mathematical
model takes into account the heat losses caused by PD in
PCL insulation and their influence on the temperature
distribution profile at characteristic PCL section points.
The method proposed in the developed model makes it
possible to account for heat losses based on the thermal
and geometrical dimensions of the inclusion, which was
not taken into account in the models mentioned above.
This will allow to obtain the temperature in all PCL
layers, starting from the radial distances, inclusion
parameters caused by the insulation core current, as the
main temperature-forming factor.
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