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Abstract

:

This paper deals with the Differential Evolution (DE) based method for identification of the heat equation parameters applied for the estimation of a bare overhead conductor`s temperature. The parameters are determined in the optimization process using a dynamic model of the conductor; the measured environmental temperature, solar radiation and wind velocity; the current and temperature measured on the tested overhead conductor; and the DE, which is applied as the optimization tool. The main task of the DE is to minimise the difference between the measured and model-calculated conductor temperatures. The conductor model is relevant and suitable for the prediction of the conductor temperature, as the agreement between measured and model-calculated conductor temperatures is exceptional, where the deviation between mean and maximum measured and model-calculated conductor temperatures is less than 0.03 °C.
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1. Introduction


The main task of the overhead conductor is the transmission of electricity. Due to the trend of increased consumption and interstate exchange of electricity, the transmission companies are faced with the problem of the phase conductor thermal loading [1]. To control the thermal loading, the operator of the transmission network has to perform continuous acquisition of conductor temperature measurements, measurements of climatic conditions in the vicinity of the route and predict the course of the conductor thermal load and the electricity transmission capability. The energy that is transported depends on the type of load, the current and the environmental conditions. When talking about the influence of the environment on the conductor temperature, the environmental temperature, the wind velocity and the solar radiation, are the most important factors. The conductor temperature is important when it comes to the conductor sagging. The temperature influences the conductor sagging directly and, through it, the clearances, that must be inside prescribed limits along the entire power line in all loading conditions. Thus, the ability to predict the conductor temperature, sagging and clearances in all power line spans is crucial for determining maximal power line loading under given operation conditions.



Several studies deal with analytical numerical methods for assessing the temperature of overhead power line conductors [1,2,3,4,5,6,7,8,9,10], where environmental conditions and heat-balance equations have been applied [11,12].



The authors in [1] talk about the environmental impacts on the conductor temperature and system development for the monitoring of these factors. Two different methods were used for calculating the maximum conductor temperature under different conditions in [2]. Analytical and empirical formulas are used for the iterative technique and the numeric method, that is based on the finite volume resolution technique. The authors in [3] determine the maximal loading using conductor temperature measurements and Dynamic Line Rating (DLR) methodology. [4] deals with the time dependent thermal analysis of an overhead transmission line and a buried electric power cable. The temperature is calculated as a function of time using real input data. The algorithm for the calculation of the temperature fluctuations along an overhead transmission power line is described in [5]. The authors in [6] deal with the external factors that influence the conductor temperature. A simulation model has been developed, where the thermal behaviour of the conductor is simulated under static and dynamic operating conditions. The objective was to determine the maximum current that can flow through the conductor without exceeding the temperature limit of the conductor. The principal component regression based method is used in [7] to predict the Dynamic Thermal Rating (DTR) of power lines by using the weather data forecast by meteorological stations. The conductor temperature is predicted in [8] by comparing the calculated temperatures with the measured ones to improve the accuracy of the dynamic thermal circuit rating (DTCR) systems. Echo State Network (ESN) is used in [9] to predict the conductor thermal dynamics under various weather conditions from historical data. instead of calculating the conductor temperature directly. In [10], the conductor temperature is calculated considering the environmental factors and power flow. Based on the known conductor temperature, they have calculated the sag and the conductor resistance and losses.



CIGRE (International Council on Large Electric Systems) and IEEE (Institute of Electrical and Electronics Engineers) have Standards to calculate the conductor temperature [13,14,15]. Both of the Standards use a basic heat balance equation but then their approach to calculating the heat balance is different [16,17].



To the best knowledge of the authors, no heat equation parameter-determining technique for electric overhead power lines, based on optimization, measured data and heat balance equation, have been published so far. Hence, the main novelty of this paper is a parameter identification technique based on the Differential Evolution (DE) algorithm, a heat equation based dynamic model and time behaviour of measured data. Any optimization method such as Partical Swarm Optimization (PSO) [18], genetic algorithm [19] or other, could be used in the optimization process. In this paper the DE, a stochastic optimization algorithm, which has proved to be very suitable for solving of nonlinear and constrained real life optimization problems in engineering [20,21,22,23,24,25,26,27], has been used. The goal of the DE algorithm is to reach the best possible agreement between the measured and heat equation calculated conductor temperature time behaviours under dynamic operating conditions. The objective function to be minimised is the root mean square difference between the measured and calculated conductor temperatures. The DE based method for identifying the heat equation parameters is confirmed through the comparison of measured and calculated time behaviours of conductor temperatures for two cases of bare overhead conductors. An excellent agreement between the measured and calculated conductor temperature dynamic behaviours is achieved when the parameters of the heat equation determined by the DE are used in the heat equation based dynamic model.



The paper is organised in 6 sections. Section 2 provides a description of a conductor dynamic model. Section 3 proposes a method for determining heat equation parameters based on the time behaviours of measured data, dynamic model and DE optimization algorithm. Section 4 describes performed measurements and the experimental setup. The parameters obtained by DE and comparison between the model calculated and measured conductor temperatures are presented in Section 5, whilst Section 6 concludes the paper.




2. Conductor Dynamic Model


The temperature of an overhead conductor depends on the thermal balance of incoming and outgoing heat [1,13,15]. The basic equation that describes the conductor temperature at the given time instant t can be written in differential form (1):


    p j  ( t ) +  p s  ( t ) +  p i  ( t ) =  p c  ( t ) +  p r  ( t ) +  p w  ( t ) + m  c p    d  T s    d t    ,  



(1)




where pj(t) [W/m] is the conductor heating due to the joule losses of the conductor; ps(t) [W/m] is the conductor heating due to the solar radiation; pi(t) [W/m] is the conductor heating due to the corona effect; pc(t) [W/m] is the conductor convective cooling; pr(t) [W/m] is the conductor radiative cooling; pw(t) [W/m] is the evaporative cooling, m [kg/m] is the conductor mass per meter, cp [J/kgK] is the specific heat of the conductor at the constant pressure and Ts(t) [°C] is the conductor temperature. In this paper, the pi(t) and pw(t) are neglected due to their insignificant influence on the result [13]. Considering this, the Equation (1) can be rewritten in the integral form (2):


    T s  ( t ) =  T s  (  t 0  ) +  1  m  c p       ∫   t 0   t    (   p j  ( τ ) +  p s  ( τ ) −  p c  ( τ ) −  p r  ( τ )  )  d τ     ,  



(2)




where Ts(t0) is the initial temperature at the time instant t0, [t0, t] is the time interval of observation, whilst τ is the auxiliary variable. In the next subsections, the individual terms in (2) are described. Figure 1, similar to the one in [15], shows overhead conductor heating and cooling.



2.1. The Influence of the Joule Losses on the Conductor Temperature


Joule losses present the main heat source in the heat balance Equations (1) to (2). The conductor heating due to the joule losses pj(t) [W/m] are described by (3) [13], where i(t) [A] is the AC current instantaneous value at the time instant t; r20 is the mean value of the conductor resistance on the unit length at 20 °C [Ω/m]; α20 is the temperature coefficient at 20 °C [1/K]; Ts(t) is the conductor temperature at the time instant t.




     p j  ( t ) =    (  i ( t ) ·   1.0123 + 2.36 ·   10   − 5   · i ( t )    )   2  ·  r  20   ·  (  1 +  α  20    (   T s  ( t ) − 20   ° C  )   )   .   



(3)





The conductor resistance value r20 is defined by the conductor. Two types of bare overhead conductors are discussed in this paper: Aluminum Conductor Steel Reinforced (AlFe) 490/65 (Faculty of Electrical Engineering and Computer Science, Maribor, Slovenia) and AlFe 240/40. Their r20 values are 0.059 and 0.119, respectively [28]. However, they both have the same α20 value, which is 0.0052 [28].




2.2. Solar Heating of the Conductor


The conductor heating due to solar radiation ps(t) [W/m] is described by (4), where is the absorptivity factor of the conductor; H(t) [W/m2] is the solar radiation at the time instant t and d [m] is the diameter of the conductor. The value of the absorptivity factor β is between 0.27 and 0.95 [13].




     p s  ( t ) = 1000 · β · H ( t ) · d  .   



(4)






2.3. Convective Cooling of the Inductor


Convective cooling of the conductor can be forced or natural [13]. The direction and wind velocity determine whether the conductor is cooling by forced or natural convection. The following equation describes forced convective cooling:


    p c  ( t ) = 1000 · π ·  λ f  ( t ) ·  (   T s  ( t ) −  T a  ( t )  )  · N u  ,  



(5)




where pc(t) [W/m] is the conductor convective cooling; λf(t) [W/mK] is the thermal conductivity of air; Ts(t) [°C] is the conductor temperature; Ta(t) [°C] is the ambient temperature. All the aforementioned variables are given for the time instant t, whilst Nu is the Nusselt number [13].



The thermal conductivity of air λf(t) is given by (6) [13]:


    λ f  ( t ) = 2.42 ·   10   − 2   + 7.2 ·   10   − 5   ·  T f  ( t )  ,  



(6)




where Tf(t) is defined by (7):


    T f  ( t ) = 0.5 ·  (   T s  ( t ) +  T a  ( t )  )   .  



(7)








2.4. Radiative Cooling of the Conductor


The heat transfer due to radiation is described by Stefan-Boltzmann’s law. Based on this law, the radiative cooling of the conductor pr(t) [W/mm] can be described by (8):


    p r  ( t ) = 1000 · π · d · ε ·  σ  sb   ·  [     (   T s  ( t ) + 273.15  )   4  −    (   T a  ( t ) + 273.15  )   4   ]   ,  



(8)




where d [m] is the diameter of the conductor; σsb is Stefan-Boltzmann’s constant [13], that is 5.67∙10−8 [W/(m2·K4)]; ε is the emissivity factor of the conductor, which is in the range from 0.23 to 0.98 [13]. The conductor temperature and the ambient temperature at the time instant t are denoted with Ts(t) [°C] and Ta(t) [°C] respectively, whilst 273.15 is the conversion factor between the Kelvin [K] and Celsius [°C] temperature scales.




2.5. Calculation of the Conductor Temperature


The Equation (2) can be written in the following form:


    T s  ( t ) =  T s  ( t − Δ t ) +  1  m  c p       ∫  t − Δ t  t    (   p j  ( τ ) +  p s  ( τ ) −  p c  ( τ ) −  p r  ( τ )  )  d τ     ,  



(9)




where ∆t is the time between two samples that is coincident with the integration step. The value of ∆t is 1 min.



Using the explicit forward Euler method (10), where y(t) and y(t − ∆t) are the values of the function y in two consequent time steps, whilst y’(t − Δt) is the time derivative of the function at time instant t − Δt, Equation (9) can be written in the form (11) and, further, in the recursive form (12). In (12) the index i denotes the current time step, whilst i − 1 denotes the previous time step.


   y ( t ) = y ( t − Δ t ) + Δ t ·  y ′  ( y ( t − Δ t ) , t − Δ t )  ,  



(10)






    T s  ( t ) =  T s  ( t − Δ t ) + Δ t ·  1  m  c p    ·  (   p j  ( t − Δ t ) +  p s  ( t − Δ t ) −  p c  ( t − Δ t ) −  p r  ( t − Δ t )  )   ,  



(11)






    T  s , i   =  T  s , i − 1   + Δ t ·  1  m  c p    ·  (   p  j , i   +  p  s , i   −  p  c , i   −  p  r , i    )   ,  



(12)







The operation of the conductor dynamic model has been tested with the catalogue parameter values from Table 1. The measurement results (conductor current, environmental temperature, solar radiation, wind velocity) have been used as input data for (3), (4), (5) and (8). The measurements have been carried out on the bare overhead conductors AlFe 240/40 and AlFe 490/65, which are described in Section 4. The conductors’ catalogue data are shown in Table 6 (Section 4). The measured and model-calculated values of the conductor temperatures are compared, where the catalogue data for heat transfer parameters were applied in (3) to (8). The obtained results are shown in Table 2 and Table 3. There are presented the mean and maximum values of the conductor temperatures for the conductors AlFe 490/65 and AlFe 240/40, operating at temperatures around 60 °C and 80 °C.



The results presented in Table 2 and Table 3 show clearly that the deviations between mean and maximum measured and model-calculated heating and cooling powers are between 0.11 and 4.42, which could be considered as inadequate and requiring improvements. On the other hand, the deviations between mean and maximum measured and model-calculated conductor temperatures are between 0.13 and 0.72. This deviation is tolerable. However, when a power system operates close to its limits, accurate prediction of maximal available loading for individual power lines and their conductors, considering actual climate conditions along these power lines, could be crucial to preserving power system stability. Conductor dynamic model works well as long as the conditions for heat balance are unchanged. In case of water, ice or snow coating on conductors, the heat balance changes. In that case, the increase of heat and temperature is preferred as it helps to melt snow or ice.



Thus, the main idea of this paper is to reduce the deviations between mean and maximum measured and calculated conductor temperatures, as well as heating and cooling powers, in order to improve the accuracy of predicted maximal available power line loading. This is done in the proposed DE based optimization procedure, where the measured data and conductor heating model (2) to (12) are used together in order to determine those values of parameters α20, r20, β, Nu and ε in (3) to (8), where the sum of squared differences between the time behaviours of measured and calculated conductor temperatures is minimal. The applied optimization tool, DE, is described briefly in the next section.





3. Determination of the Conductor Temperature Using DE


3.1. Differential Evolution


DE is a fast and robust population–based direct–search stochastic optimization algorithm, that was first introduced by Storn and Price [27]. This algorithm is popular with the engineering audience [20,21,22,24,25,26]. It is considered to be one of the best stochastic optimization methods for solving real-life engineering problems due to its satisfactory properties. DE is robust in reaching global minima [20], suitable for solving nonlinear and constrained optimization problems. It requires only boundaries of expected solutions and has only a few control parameters to be defined.



This paper carried out a MATLAB (Mathworks, version R2017a, Faculty of Electrical Engineering and Computer Science, Maribor, Slovenia) implementation of the variant DE/rand-to-best/1/exp in estimating the heat equation parameters for prediction of bare overhead conductor temperatures. Detailed descriptions of the DE algorithm are available in [23,27]. The optimization objective was the best possible agreement between the measured and dynamic model calculated time behaviours of conductor temperature. In order to reach the objective, the DE was changing values of the model parameters during the optimization procedure, therefore minimising the squared differences between the measured and calculated conductor temperatures. Table 4 presents the used DE settings.



The usage of DE in the process of determining the heat equation parameters of the bare overhead conductor requires proper tests performed on the tested bare overhead conductor and definition of the objective function, whose value is minimised in the optimization process.




3.2. Determining Parameters


DE determines the heat equation parameters α20, r20, β, Nu and ε from (3) to (8). The goal of optimization is the best possible agreement between the measured and calculated time behaviours of conductor temperatures. The quality of model parameters is evaluated by the objective function that is minimised in the optimization procedure. The optimization goal is to find that set of model parameters that ensures the best agreement between the measured and calculated time behaviours of conductor temperatures measured by the sum of their squared differences.



During the optimization process, the DE is searching for values of individual model parameters by minimising the value of the objective function q (13):


   q =   ∑  i = 1  n    e  Ts i  2     ,  



(13)




where eTsi (14) is the difference between the measured (Ts_meas) and calculated (Ts_calc) conductor temperatures, whilst n is the number of iterations.


   e  Ts i    =  T  s i _ meas   −  T  s i _ calc    . 



(14)







The procedure for determining the conductor model’s parameters presented in Figure 2 is organised as follows. In the first iteration, the DE algorithm generates a population of NP individuals, where NP is the size of the population. According to the DE rules, these individuals are considered as parents for the next generation. Those newly generated individuals that reach better objective function than their parents, replace their parent in the next generation. In this way, the objective function values of individuals are improved from generation to generation, mimicking evolution in nature.



Nu and ε. Each individual (set of parameter values) is applied in the conductor model, where the conductor temperature is calculated. The quality of the parameter set (individual) is evaluated by the objective function (13) as the sum of squared differences between the measured and calculated temperature time behaviours. The individual that reaches a sufficiently small and predefined value of the objective function is considered as the wanted solution. If the objective function value is not sufficiently small, the DE algorithm generates a new generation of individuals by using operators like crossover, mutation and selection [23,27]. The entire process repeats until the algorithm reaches the maximum number of generations, the objective function value has not been improved during a predefined number of generations, or the desired value of the objective function is reached. Figure 2 shows the implementation of DE in determining the conductor model parameters. According to the described procedure, the DE determines the parameters of the conductor dynamic model. The measured time series of the environmental temperature, solar radiation, wind velocity and conductor current are used in the dynamic model to calculate the time series of the conductor temperature. The differences of measured and calculated conductor temperature time series (14) are afterwards used in the objective function (13) which evaluates the quality of the conductor dynamic model parameter set. The DE searches for the set of conductor model parameters in a procedure, where the objective function value q (13) is minimized. Table 5 presents the maximum and minimum values of optimization variables.





4. Experimental Set-Up and Measurements


The tests have been carried out on the testing site (field testing) (Figure 3) at different atmospheric conditions during different seasons (summer, autumn, winter). The applied experimental set-up consists of the testing line with overhead conductors, data acquisition system and supply system.



The test objects were bare overhead conductors AlFe 490/65 and AlFe 240/40 with the data shown in Table 6. The tests have been performed on the conductors for two operating temperatures 60 °C and 80 °C. Figure 4 shows an outline for the conductor AlFe 240/40.



The testing system contains a weather station for the acquisition of weather parameters (environmental temperature, solar radiation, wind velocity); a system for measuring the conductor temperature and a system for the conductor’s current control.



The system for the conductor’s current control enables fine tuning of the current. A proper setting of reference values for the current controller provides the conductor’s operating temperature around 60 °C or 80 °C.



Figure 5 shows an example of measurements of the environmental temperature, current that flows through the conductor, solar radiation and wind velocity. The weather conditions and the current value in Figure 4 are given for the winter season. During the test, the temperature was below freezing. It was cloudy with wind velocity around 1 m/s. The test lasted 7 h and 26 min. Table 7 contains mean and maximum values of the data shown in Figure 5.



The measurements on the conductors AlFe 240/40 and AlFe 490/65, operating at temperatures 60 °C and 80 °C, were performed under different weather conditions, which are summarised in Table 8. In all the measurements performed, the sampling time was 1 min.



The values of the environmental temperature, conductor current, solar radiation and wind velocity, measured on the conductors AlFe 240/40 and AlFe 490/65, operating at temperatures of approximately 60 °C and 80 °C, are presented in Table 8. They are used as the input data in the process of heat equation parameter identification. An example of the input data values (environmental temperature, conductor current, solar radiation, wind velocity and measured conductor temperature) is added as a Supplementary Material in the form of a table (Table S1).




5. Results


The proposed DE based method for determining heat equation parameter is conformed through the comparison of measured and calculated results. The measured time behaviours of current, environmental temperature, solar radiation, wind velocity and conductor temperature were applied in the proposed DE based optimization procedure in order to determine the heat equation parameters. The catalogue data of the parameters, shown in Table 1, are used to determine the optimization bounds. The results obtained by the proposed method are shown in Table 9 as the mean values of 10 subsequently performed optimization procedures. They are given for the conductors AlFe 490/65 and AlFe 240/40 operating at the temperature of approximately 60 °C.



Table 9 shows that the values of α20 and r20 after performed optimization are the same as the ones given in the catalogue [29]. On the other hand, the values of β and ε after optimization are in the middle of their minimum and maximum values defined in Table 7. The value of Nu after optimization is slightly bigger than the one given in Table 1.



The heat equation parameter values, determined by the proposed method and shown in Table 9, were used in all calculated results that follow.



The comparison between measured temperature (blue coloured line) and model calculated temperature using the catalogue parameters (red coloured line) and parameters determined by the proposed optimization procedure (yellow coloured line) is shown on the section of interval in Figure 6. Table 10 shows the values of those temperatures, where the difference can be seen between model calculated temperature using catalogue and identified parameters.



Since the main goal of objective function is to minimise the root mean square difference between the measured and model-calculated conductor temperature, the difference between the temperatures in Figure 6 and Table 10 is preferred to be minimal in order to show the working of the model and proposed method. The difference between measured and model-calculated using the catalogue parameters and parameters identified by the proposed optimization procedure is best seen at the section of interval of the heating powers (Figure 7).



The comparison between mean and maximum values of measured and dynamic model calculated conductor temperatures, heating and cooling powers, is shown in Table 11 for the conductors’ operating temperature around 60 °C. The agreement between measured and calculated results is very good. The deviation between mean and maximum measured and calculated conductor temperature is less than 0.03, which is a great result. Moreover, the deviation between mean and maximum measured and calculated heating and cooling powers is less than 0.14, which is a huge improvement in comparison with the results before optimization, where the deviation was 4.42 (Table 2 and Table 3). Thus, the deviation between mean and maximum values has been reduced by 31.6 times.



The optimization obtained heat equation parameters determined for the conductor temperature around 60 °C were used to compare mean and maximum values of measured and conductor dynamic model calculated conductor temperatures, heating and cooling powers, for the conductor’s operating temperature around 80 °C. The results presented in Table 12 show very good agreement between measured and calculated results.



The comparison of measured and model calculated time behaviours of conductor temperatures is shown in the Figure 8 and Figure 9. All performed measurements contain three intervals. In the first and third intervals, there is no current in the conductor, whilst in the second interval constant conductor current is controlled. The three intervals can also be seen clearly in the time behaviours of conductor temperature. The first interval is very short at the very beginning. In the second interval, where constant conductor current is applied, the temperature increases to the operating point and after that keeps almost constant value. When the current is switched-off at the beginning of the third interval, the conductor temperature starts do decrease.



Figure 8 shows the comparison between measured and model calculated time behaviours of conductor temperature for the conductors AlFe 490/65 and AlFe 240/40 at working temperature around 60 °C. This is the temperature for which the conductor model parameters were determined. In order to confirm the proposed method, the measured and calculated time behaviours of conductor temperature are compared also for the working temperature around 80 °C, using the same model parameters as in the previous case (60 °C). The obtained results are shown in Figure 9.



The results presented in Figure 8 and Figure 9 show a very good agreement between the time behaviours of measured and calculated conductor temperature. Let us check the performance of the proposed parameter determination method and corresponding conductor model in a realistic case, where the conductor temperature is changing all the time. In the given case, the conductor model parameters from Table 9 are applied together with the measured environmental temperature, solar radiation, wind velocity and conductor current. The comparison of measured and calculated conductor temperature is shown in Figure 10 for the conductor AlFe 240/40. These results are completed by the comparison between mean and maximum measured and conductor dynamic model calculated conductor temperature, heating and cooling powers, given in Table 13.



The agreement between measured and calculated results shown in Table 13 is very good. The deviation between mean and maximum measured and calculated conductor temperature is less than 0.12. The deviation between mean and maximum measured and calculated heating and cooling powers is less than 0.14, which is a good result.




6. Conclusions


In this paper, the DE has been applied in identifying the parameters of heat equation in order to estimate the temperature of the bare overhead conductor. The main components in the parameters’ determination process are the conductor model, measured time behaviours of all relevant variables and DE algorithm. The optimization goal is to find those heat equation parameters, where the difference between the measured and model calculated time behaviour of conductor temperature is minimal. The proposed method requires measured time behaviours of environmental temperature, solar radiation, wind velocity, conductor current and conductor temperature.



The results presented in the paper clearly show that the proposed method for determining the heat equation parameters has to be applied for only one set of measured time behaviours of all variables. The obtained parameters can be afterwards used in the entire range of conductor operation, providing a very good agreement between the measured and calculated time behaviours of conductor temperatures. It is applicable for different operation conditions and for different conductor types.



The proposed method and corresponding model represent a tool that can be applied in critical operating conditions to properly predict maximum acceptable current load of an overhead power line. Moreover, the proposed method also substantially improves the agreement between the model calculated and by measurement determined heating and cooling power, which helps to get a deeper insight into the phenomena responsible for the changes in conductor temperature.
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Figure 1. Overhead conductor heating and cooling. 
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Figure 2. Schematic presentation of procedure for determining the parameters. 
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Figure 3. Schematic presentation of the testing site. 
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Figure 4. AlFe 240/40 conductor outline. 
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Figure 5. Measured weather data and conductor current. 
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Figure 6. Measured (blue line) and model calculated temperature using catalogue parameters (red line) and parameters determined by the proposed optimization procedure (yellow line) at the conductor temperature 60 °C for the conductor AlFe 240/40. 
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Figure 7. Measured (blue dashed line) and calculated solar heating using catalogue parameters (red line) and parameters determined by the proposed optimization procedure (yellow line). 
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Figure 8. Measured and calculated conductor temperature at the conductor temperature 60 °C for the conductor: (a) AlFe 240/40 and (b) AlFe 490/65. 
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Figure 9. Measured and calculated conductor temperature at the conductor temperature 80 °C for the conductor: (a) AlFe 240/40 and (b) AlFe 490/65. 
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Figure 10. Measured and calculated conductor temperature. 
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Table 1. Conductor model parameters from the catalogue [29].
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Parameter

	
Value




	
AlFe 490/65

	
AlFe 240/40






	
α20 [1/K]

	
0.0052




	
r20 [Ω/km]

	
0.059

	
0.119




	
β

	
0.27




	
Nu

	
15




	
ε

	
0.23
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Table 2. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for the conductor AlFe 490/65 and AlFe 240/40 at operating temperature 60 °C.






Table 2. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for the conductor AlFe 490/65 and AlFe 240/40 at operating temperature 60 °C.





	
Operating Temperature 60 °C

	
Mean Value

	
Maximum Value




	
Meas.

	
Calc.

	
|Meas. − Calc.|

	
Meas.

	
Calc.

	
|Meas. − Calc.|






	
AlFe 490/65

	
Ts [°C]

	
55.42

	
55.9

	
0.48

	
60.69

	
61

	
0.31




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
0.66

	
0.34

	
1

	
0.54

	
0.46




	
Pc [p.u.]

	
1

	
0.88

	
0.12

	
1

	
0.89

	
0.11




	
Pr [p.u.]

	
1

	
0.54

	
0.46

	
1

	
0.54

	
0.46




	
AlFe 240/40

	
Ts [°C]

	
56.74

	
57

	
0.26

	
61.87

	
62

	
0.13




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
0.54

	
0.46

	
1

	
0.54

	
0.46




	
Pc [p.u.]

	
1

	
0.88

	
0.12

	
1

	
0.88

	
0.12




	
Pr [p.u.]

	
1

	
5.39

	
4.39

	
1

	
0.54

	
0.46
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Table 3. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for the conductor AlFe 490/65 and AlFe 240/40 at operating temperature 80 °C.
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Operating Temperature 80 °C

	
Mean Value

	
Maximum Value




	
Meas.

	
Calc.

	
|Meas. − Calc.|

	
Meas.

	
Calc.

	
|Meas. − Calc.|






	
AlFe 490/65

	
Ts [°C]

	
70.85

	
71

	
0.15

	
81.08

	
81.8

	
0.72




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
0.54

	
0.46

	
1

	
0.54

	
0.46




	
Pc [p.u.]

	
1

	
0.88

	
0.12

	
1

	
0.88

	
0.12




	
Pr [p.u.]

	
1

	
0.55

	
0.45

	
1

	
0.54

	
0.46




	
AlFe 240/40

	
Ts [°C]

	
78.39

	
78.9

	
0.51

	
81.54

	
81.7

	
0.16




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
0.54

	
0.46

	
1

	
0.54

	
0.46




	
Pc [p.u.]

	
1

	
0.88

	
0.12

	
1

	
0.88

	
0.12




	
Pr [p.u.]

	
1

	
0.54

	
0.46

	
1

	
5.42

	
4.42
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Table 4. DE settings.






Table 4. DE settings.





	Parameter
	Value





	Number of parameters D
	6



	Population size NP
	30



	Weighting factor F
	0.5



	Crossover constant CR
	0.7



	Maximum number of iterations itermax
	250
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Table 5. Minimum and maximum values of optimization variables.
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Parameter

	
Minimum Value

	
Maximum Value






	
α20 [1/K]

	
0.0035

	
0.0078




	
r20 [Ω/km]

	
AlFe 490/65

	
AlFe 240/40

	
AlFe 490/65

	
AlFe 240/40




	
0.059

	
0.119

	
0.0885

	
0.1785




	
β

	
0.27

	
0.95




	
Nu

	
11

	
25




	
ε

	
0.23

	
0.98
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Table 6. Parameters for conductors AlFe 490/65 and AlFe 240/40 [28,29].
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	Nominal cross-section of the conductor A [mm2]
	240/40
	490/65



	Calculated section of the conductor A [mm2]
	282.5
	553.9



	Number of Al wires
	26
	54



	Number of Al layers
	2
	3



	Diameter of Al wires [mm]
	3.45
	3.4



	Calculated section AAl [mm2]
	243
	490.3



	Number of Fe wires
	7
	7



	Diameter of Fe wires [mm]
	2.68
	3.4



	Calculated section AFe [mm2]
	39.5
	63.6



	Sectional ratio ε’
	6
	7.7



	Outer diameter of the conductor d [mm]
	21.8
	30.6



	Weight of the conductor [kg/km]
	990
	1866
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Table 7. Data values from Figure 5.
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	Mean Value
	Maximum Value





	Environmental temperature Tenv [°C]
	−1.38
	−0.50



	Conductor current Icond [A]
	1142.95
	1308.46



	Solar radiation H [W/m2]
	11.97
	30.30



	Wind velocity vwind [m/s]
	0.44
	1.67
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Table 8. Measurements results.






Table 8. Measurements results.





	

	

	

	

	

	
Mean Value

	
Maximum Value






	
Conductor AlFe 240/40

	
Measurement 1

	
Operating temperature [°C]

	
60

	
Tenv [°C]

	
10.98

	
11.41




	
Season

	
Autumn

	
Icond [A]

	
725.25

	
904.88




	
Time of measurement

	
7:48 to 16:25

	
H [W/m2]

	
37.27

	
120.91




	
Duration of measurement

	
8 h and 36 min

	
vwind [m/s]

	
0.48

	
1.19




	
Measurement 2

	
Operating temperature [°C]

	
80

	
Tenv [°C]

	
31.12

	
34.3




	
Season

	
Summer

	
Icond [A]

	
759.04

	
902.77




	
Time of measurement

	
9:00 to 16:35

	
H [W/m2]

	
747.54

	
894.27




	
Duration of measurement

	
7 h and 35 min

	
vwind [m/s]

	
0.82

	
2.33




	
Conductor AlFe 490/65

	
Measurement 3

	
Operating temperature [°C]

	
60

	
Tenv [°C]

	
−1.38

	
−0.5




	
Season

	
Winter

	
Icond [A]

	
1142.95

	
1308.46




	
Time of measurement

	
9:00 to 16:27

	
H [W/m2]

	
11.97

	
30.30




	
Duration of measurement

	
7 h and 27 min

	
vwind [m/s]

	
0.44

	
1.67




	
Measurement 4

	
Operating temperature [°C]

	
80

	
Tenv [°C]

	
32.79

	
35.5




	
Season

	
Summer

	
Icond [A]

	
831.35

	
1192.18




	
Time of measurement

	
9:15 to 18:00

	
H [W/m2]

	
628.46

	
866.64




	
Duration of measurement

	
8 h and 45 min

	
vwind [m/s]

	
1.03

	
2.87
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Table 9. Conductor model parameters determined in the proposed optimization procedure.
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Parameter

	
Value after Optimization

	
Value before Optimization




	
AlFe 490/65

	
AlFe 240/40

	
AlFe 490/65

	
AlFe 240/40






	
α20 [1/K]

	
0.0052

	
0.0052




	
r20 [Ω/km]

	
0.059

	
0.119

	
0.059

	
0.119




	
β

	
0.51

	
0.27




	
Nu

	
16.55

	
15




	
ε

	
0.57

	
0.23
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Table 10. Measured and model-calculated temperature using catalogue and identified parameters from the Figure 6.
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Duration Time [min]

	
Temperature [°C]




	
Measured

	
Model-Calculated




	
Identified Parameters

	
Catalogue Parameters






	
18

	
60.84

	
60.89

	
60.93




	
19

	
61.54

	
61.57

	
61.60




	
20

	
61.82

	
61.83

	
61.87




	
21

	
61.87

	
61.88

	
61.92




	
22

	
61.76

	
61.75

	
61.79




	
23

	
61.44

	
61.45

	
61.49




	
24

	
61.35

	
61.37

	
61.41




	
25

	
61.14

	
61.14

	
61.18




	
26

	
60.62

	
60.62

	
60.66
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Table 11. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for conductors AlFe 490/65 and AlFe 240/40 at 60 °C after optimization.






Table 11. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for conductors AlFe 490/65 and AlFe 240/40 at 60 °C after optimization.





	
Operating Temperature 60 °C

	
Mean Value

	
Maximum Value




	
Meas.

	
Calc.

	
|Meas. − Calc.|

	
Meas.

	
Calc.

	
|Meas. − Calc.|






	
AlFe 490/65

	
Ts [°C]

	
55.42

	
55.41

	
0.01

	
60.69

	
60.67

	
0.02




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
1.01

	
0.01

	
1

	
1.01

	
0.01




	
Pc [p.u.]

	
1

	
0.97

	
0.03

	
1

	
0.97

	
0.03




	
Pr [p.u.]

	
1

	
1.14

	
0.14

	
1

	
1.13

	
0.13




	
AlFe 240/40

	
Ts [°C]

	
56.74

	
56.74

	
0

	
61.87

	
61.88

	
0.01




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
1.01

	
0.01

	
1

	
1.01

	
0.01




	
Pc [p.u.]

	
1

	
0.97

	
0.03

	
1

	
0.97

	
0.03




	
Pr [p.u.]

	
1

	
1.13

	
0.13

	
1

	
1.13

	
0.13
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Table 12. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for conductors AlFe 490/65 and AlFe 240/40 at 80 °C after optimization.






Table 12. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature, heating and cooling powers (per unit values) for conductors AlFe 490/65 and AlFe 240/40 at 80 °C after optimization.





	
Operating Temperature 80 °C

	
Mean Value

	
Maximum Value




	
Meas.

	
Calc.

	
|Meas. − Calc.|

	
Meas.

	
Calc.

	
|Meas. − Calc.|






	
AlFe 490/65

	
Ts [°C]

	
70.85

	
70.86

	
0.01

	
81.08

	
81.07

	
0.01




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
1.01

	
0.01

	
1

	
1.01

	
0.01




	
Pc [p.u.]

	
1

	
0.97

	
0.03

	
1

	
0.97

	
0.03




	
Pr [p.u.]

	
1

	
1.13

	
0.13

	
1

	
1.14

	
0.14




	
AlFe 240/40

	
Ts [°C]

	
78.39

	
78.42

	
0.03

	
81.54

	
81.56

	
0.02




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
1.01

	
0.01

	
1

	
1.02

	
0.02




	
Pc [p.u.]

	
1

	
0.97

	
0.03

	
1

	
0.97

	
0.03




	
Pr [p.u.]

	
1

	
1.14

	
0.14

	
1

	
1.14

	
0.14
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Table 13. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature heating and cooling powers (per unit values) for the conductor AlFe 240/40 using heat equation parameters after optimization.






Table 13. Measured (meas.) and model-calculated (calc.) mean and maximum values of the conductor temperature heating and cooling powers (per unit values) for the conductor AlFe 240/40 using heat equation parameters after optimization.





	
AlFe 240/40 at 60 °C

	
Mean Value

	
Maximum Value




	
Meas.

	
Calc.

	
|Meas. − Calc.|

	
Meas.

	
Calc.

	
|Meas. − Calc.|






	
Ts [°C]

	
43.92

	
43.97

	
0.05

	
74.31

	
74.43

	
0.12




	
Pj [p.u.]

	
1

	
1

	
0

	
1

	
1

	
0




	
Ps [p.u.]

	
1

	
1.02

	
0.02

	
1

	
1.02

	
0.02




	
Pc [p.u.]

	
1

	
0.97

	
0.03

	
1

	
0.97

	
0.03




	
Pr [p.u.]

	
1

	
1.14

	
0.14

	
1

	
1.14

	
0.14
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