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Abstract. One can offer based on the solution of the heat equation and the heat balance equation a mathematical 
model of steady thermal regime of the conductor, which allows to determine the temperature of bare and insulation-
covered conductors of overhead power lines, considering weather conditions, as well as to perform the calculation of 
electricity losses with conductors temperature. The expressions are for the gradient of temperature distribution in the 
current-carrying conductor, as well as conductor insulation with and without dielectric losses. The accuracy of the 
created  model is checked when compared with the methods of CIGRE, IEEE and the Finite Element Method. High 
precision of matching results is achieved. 

1 Introduction  
Currently, there is a need to increase the capacity of 
transmission lines due to the accelerated growth of 
consumption power. One way to increase the ampacity 
through the transmission line is a reliable determination 
of the temperature of the wires in real time [1-6]. The 
calculation of the conductors temperature is possible with 
integrating operating and weather factors [7-9]. Along 
with the increase in load current the task is to reduce the 
losses of energy in electric networks. The loss of 
electricity is reduced with introducing measures to reduce 
losses. When selecting actions one must assume the 
network elements temperature. For example, when 
installing capacitor banks the energy loss is not only due 
to the actual reduction of the transmitted reactive power, 
but also by reducing the resistance. It reduces losses also 
to the transfer of active power, and not just reactive. 
Calculation excluding temperature will not consider these 
additional factors.  

Paper considers the mathematical model of steady-
state mode of insulation-covered conductor on the basis 
of the heat balance equation. The model allows to 
determine the temperature and the active power losses in 
the conductors of overhead lines. For creation of the 
model have been defined temperature gradient of 
conductor, the temperature changes in the conductor 
insulation and influence of dialectical losses on thermal 
mode. A positive feature of the mathematical model is a 
form of analytical equations obtained. It simplifies the 
implementation of the computer model and analysis 
results. The accuracy of equations is confirmed with good 
matching with the results of determining the temperature 
methods of IEEE [8], CIGRE [9] and the Finite Element 
Method (FEM) [10]. The practical value of the model is 

the ability to analyze both bare and insulation-covered 
conductors of overhead lines. 

2 Mathematical model of steady-state 
thermal rating   
Calculation of the temperature on the surface of the 
conductor Θsur is performed on the basis of the heat 
balance equation. At steady-state the heat balance of 
insulated and bare overhead line conductor is given by 
equation (1) 

        Δp'0(1 + αΘsur) = dc[παс (Θsur - Θamb)          

              + πεC0(T
4

sur - T
4

a) - Asqs]         (1) 

where α is a temperature coefficient of resistance; dc is 
outer diameter of the conductor; αс is a coefficient of heat 
transfer with convection; Θsur is temperature of the outer 
surface of the conductor (°C); Θamb is ambient 
temperature (°C); Tamb is ambient temperature(K); Tsur is 
the temperature of the outer surface of the insulation (K); 
ε is the emissivity of the surface of the conductor; As is 
the absorption capacity of the surface for solar radiation; 
С0 is radiation coefficient of blackbody; qs is flux density 
of solar radiation on the conductor; Δp'0 is active power 
losses in the conductor per length unit at Θsur = 0 ºC. 

The values of qs, Δp'0, Θsur will be in equations (2-4): 

qs = kshqs.dirsinφs + πqs.dif                        (2) 
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Θsur = -Δp0Sins + Θc(1 - αΔp0Sins)             (4) 
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where qs.dir  is flux of direct solar radiation on the surface 
perpendicular to the sun's rays; qs.dif is flux density of 
diffuse solar radiation, averaged over all directions; ksh is 
reduction factor, which takes into account the shaded 
portion of the conductor (shading coefficient); �s is the 
angle between the axis of the conductor and the direction 
of the sun's rays; I is current in the conductor; r0 is the 
pursuit of resistance at 0 ºC; Δp0 is heat (active power 
losses), calculated from the resistance, defined at 
temperature of 0 °C; Θc is conductor temperature; Sins is 
thermal insulation resistance per length unit, defined by 
equation (5).

� �2 1/
2ins

ins

ln r r

S

	

�                               (5) 

where λins is the thermal conductivity of the insulation; r2
is the conductor outer radius; r1 is the radius of the 
conductor without insulation. 

The dependence of heat (active losses) in the 
overhead line conductor from the conductor temperature 
Θc as shown in equation (6) 

Δp = Δp0(1 + αΘc)                      (6)

The conductor temperature was determined by 
equation (7): 
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              (7) 

Equation (4) is obtained by solving the heat equation 
in partial derivatives. 

The equations (1-7) are a mathematical model of 
steady-state thermal regime of overhead insulation-
covered conductor

3 The temperature gradient in the 
conductor

3.1. In the bare overhead conductor 

One considers a cylindrical conductor of infinite length of
diameter d1. One assumes that the temperature in all 
points of the same surface of the conductor and the bulk 
density of the heat release is  qv = const. Under these 
conditions, the conductor temperature Θ is a function of 
distance from the conductor center r, and the heat 
equation in the steady-state, and its solution have the 
form as shown in equations (8), (9):
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where qv  is volume density of heat; λ  is a coefficient of 
thermal conductivity, Θcenter is the temperature in the 
conductor center.  

In accordance with equation (9) temperature change 
from the center to the surface of the conductor and the 
average temperature gradient are shown in equations (10), 
(11)
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3.2 In the overhead  insulation-covered  conductor
 without dielectric losses 

If there is no dielectric losses in the insulation the heat 
conduction equation to insulate has the form as shown in 
equation (12) 

2

2

1 0d d

dr r dr

� �
� � (12)

As a result of integration of equation (5) obtain 
equation (13) [11]:  

1 2lnC r C�� � (13)

where C1, C2 are integration constants determined from 
boundary conditions.  

The final solution of equation (13) is presented in 
equation (14)
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If you set the temperature on the internal surface of 
the insulation, about equal to the temperature in the 
conductor center  Θcenter then is obtained equation (15) 
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The temperature change in the insulation is presented 
by equation (16) 
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3.3 In  the  overhead  insulation-covered  conductor
 with accounting of dielectric losses 

If there are dielectric losses of insulation the heat 
equation has the form as shown in equation (17) 
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where qv,ins is the bulk density of heat insulation.  
The value of qv,ins, is proportional to the square of the 

electric field. If we consider the radial electric field of a 
single conductor, the tension is inversely proportional to r
[12] and can be written by equation (18) 
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Equation (17) takes the form as shown in equation (19)
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The general solution is defined by the equation (20):
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where  C1, C2 are integration constants, K1 is the 
coefficient of proportionality.  

The final solution and the temperature change in the 
insulation take the form as shown in equations (21), (22) 
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The nature of the temperature distribution inside the 
conductor is presented graphically in Figure1. 

Figure 1. The temperature distribution in the conductor 
insulation.

Table 1. Conductor parameters 

Sectional area F mm 2 240

Chase resistance at 
300 °К r300 Ohm/m 2.8·10-8

The temperature of the 
conductor Tc ºC 90

Temperature coefficient of 
resistance of aluminum α ºC-1 0.004

Thermal conductivity of
wires 

λ W/(m·K) 209

Thermal conductivity of 
insulation

λins W/(m·K) 0.4

The radius of the 
conductor r1 mm 8.74 

The radius of the 
conductor assuming the 

insulation
r2 mm 12

Permissible current I А 625

4 Simulation and results 

4.1. Calculation of temperature and temperature 
gradient in the conductor

One considers wire brand SAX-240 with XLPE 
insulation with the parameters given in Table 1 [13] 
loaded with the permissible current at an ambient 
temperature of 300 K.  

Heat in the conductor is 

� �� �
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The temperature difference and a temperature 
gradient in the conductor is defined with equations (10), 
(11)  
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The calculation results on equations (10) and (11)
show that all points of the temperature of the conductor 
section can be considered equal. 

4.2. Calculation of the change in temperature in 
the insulation excluding dielectric losses 

One determines the change in temperature according to 
equation (16) for a conductor cross section of 240 mm2,
loaded to the permissible current of 625 A (Table 1). 
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4.3. Calculation of the temperature change in the 
insulation based on the dielectric losses

Assume clearly elevated levels of linear dielectric losses 
Δpins ≈ 10 W/km, which corresponds to 35 kV cable with 
XLPE (Table 1). The value of K1 is determined from the 
following equation:  
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Under these conditions for the given conductor 
obtain  
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The temperature difference do not show changes from 
the obtained without the dielectric losses. Therefore, in 
the thermal calculations dielectric losses can be ignored.

Table 2. Conductor parameters

Chase resistance at 
20ºC (Ohm/m)

Temperature 
coefficient of 

resistance (ºC-1)

The diameter of the 
conductor (m)

Degree of black 
surface of the 

conductor

The absorption 
capacity of the 

conductor surface
6.74·10-5 0.0039 0.0285 0.5 0.5

Table 3. Practical cases considered 

Case 1 2 3 4 5 

Current (А) 600 650 600 970 600
Ambient 

temperature (ºC) 40 40 40 40 40

Wind speed (m/s) 0,2 0,4 2 2 2 
Wind direction (º) 90 90 90 90 90

The total solar 
radiation (W/m2) 980 980 980 980 980

Altitude (m) 1600 1600 1600 1600 300

Table 4. The calculation results 

Case 1 2 3 4 5

CIGRE
Θc (ºC) 78.8 74 56.1 75 55.7

ΔP (W/m) 29.36 33.95 27.37 75.85 27.33

IEEE
Θc (ºC) 78.2 73.6 54.6 72.3 53.3

ΔP (W/m) 29.3 33.92 27.24 75.23 27.12

FEM
Θc (ºC) 80 76 55 73 54

ΔP (W/m) 29.46 34.16 27.27 75.4 27.18

Proposed 
model

Θc (ºC) 77.5 76 54.4 73.1 53

ΔP (W/m) 29.24 34.16 27.22 75.42 27.1

4.4. Assessment of the temperature rating 
accuracy and active power losses on the 
proposed model 

For the validation of the simulation according to  
Equations (1), (7) there were carried out numerical 
calculations of power losses and heat conductor of 429 
brand-AL1/56-ST1. Initial data calculations are shown in 
Tables 2 and 3 [10], the results of calculations are shown 
in Tables 4 and 5. The results of calculations of the 
proposed model were compared to studies in [12] using 
the methods of IEEE [8], CIGRE [9], FEM [10]. 

Table 5. Errors in calculations of temperature and active power 
losses proposed model in comparison with CIGRE, IEEE, FEM 

methods 

Case 1 2 3 4 5 

CIGRE
�� ( ºC) 0.7 2.4 0.2 0.8 0.3 

IEEE
�� ( ºC) 1.3 2 1.7 1.9 2.7 

FEM
�� ( ºC) 2.5 0 0.6 0.1 1

( )
CIGRE
P� � ( %) 0.21 0.71 0.07 0.25 0.07

( )
IEEE
P� � ( %) 0.41 0.62 0.55 0.57 0.84

( )
FEM
P� � ( %) 0.75 0 0.18 0.03 0.29

The calculation of direct and diffuse components of 
solar radiation for the proposed model was carried out 
determining the highlands, for which we can assume 
approximately the ratio of forward and reverse 
components of solar radiation 1/10. Determining all this 
we take the value of the direct component qs.dir = 900 
W/m2, and reverse qs.dif = 80 W/m2. The shading 
coefficient is adopted ksh = 0.6, and the angle between the 
axis of the conductor and the direction of the solar rays �s

= π/4. At low wind speeds (0.2 and 0.4 m/s) the 
calculation is performed with the model proposed 
determining the natural convection, and with a wind 
speed of 2 m/s - determining the forced convection.  

Active power losses is calculated according to  
equation (6).

To ease the analysis use the notation as shown in 
equations (23-28)  

CIGRE CIGRE

c

c
�� � � ��                   (23) 

c

IEEE IEEEc
�� � � ��                     (24)

FEM FEM

c

c
�� � � ��                     (25)
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P
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( ) 100%FEM

FEM

FEM

P P

P

P

� �
� � �

�
�

        (28)

where 
CIGRE

�� ,
IEEE

�� ,
FEM

�� are absolute error of 
calculation proposed method by the temperature of the 
conductor with respect to the standards of CIGRE, IEEE,
FEM; 

c
� is the temperature of the conductor calculated 

with the proposed method; 
IEEE

c� ,
CIGRE

c� ,
FEM

c� are the 
temperature of the conductor calculated with the IEEE, 
CIGRE, FEM, respectively; ( )

IEEE
P� � ,

( )
CIGRE
P� � , ( )

FEM
P� � are the relative errors of 

calculation of power losses with the proposed method in 
comparison with the calculations of the losses of power 
with the standards of IEEE, CIGRE, FEM, respectively; 
P�  is active power losses calculated with the proposed 

method; 
IEEE
P� ,

CIGRE
P� ,

FEM
P� are active power losses 

calculated using  IEEE, CIGRE, FEM, respectively.  

5 Conclusion 
Table 5 shows that the absolute error in the 

calculation of temperature conductor on the proposed 
model does not exceed 2.7 ºC, compared with IEEE and 
CIGRE, FEM. The relative error in the calculation of 
active power losses is less than 1%. The maximum
deviation of the temperature of IEEE and CIGRE 
corresponding to the wind speed is v = 0.4 m/s. Perhaps 
this fact is due to the fact that the calculations for the 
proposed model for v = 0.4 m/s were carried out on the 
assumption of natural convection. However, calculations 
made for v = 0.4 m/s with the Finite Element Method 
gives the temperature 76 ºC, which coincides with the 
result obtained with the proposed model. Calculations 
were carried out for the bare overhead conductor. 
Indirectly, it confirms the validity of the proposed theory, 
as the equation for the bare overhead conductor is a 
special case of conductors with insulation at λ ins = 0.
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