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Abstract

:

This paper considers the method for the calculation of magnetic flux density in the vicinity of overhead distribution lines which takes into account the higher current harmonics. This method is based on the Biot–Savart law and the complex image method. The considered method calculates the values of the magnetic flux density for each harmonic component of the current separately at all points of interest (usually lateral profile). In this way, it is possible to determine the contributions of individual harmonic components of the current intensity to the total value of magnetic flux density. Based on the contributions of individual harmonic components, the total (resultant) value of the magnetic flux density at points of interest is determined. Validation of the computational method is carried out by comparison of the results obtained by the considered calculation method with measurement results. Furthermore, the application of the calculation method was demonstrated by calculating magnetic flux density harmonics in the vicinity of two overhead distribution lines of typical phase conductor arrangements.
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1. Introduction


Advances in technology and increased energy requirements have brought with them a significant increase in the number of nonlinear loads, as well as the use of converter-based distributed generation units. Nowadays, a large number of such units are connected to the networks. As previously stated, this brings into the networks the problem of harmonic pollution [1,2].



The presence of a large number of nonlinear devices in the network causes harmonic pollution to become one of the most common power quality problems. Harmonic currents cause numerous detrimental side effects (heating, accelerated aging and capacity reduction), primarily on lines and transformers, but also on other equipment in the distribution network. They can also cause unwanted activation of protection devices, malfunctions of sensitive devices, interference in communication systems, and the reduction of useful torque of induction motors [3,4,5].



Due to the negative effects that harmonics have on the electrical equipment, which results in financial losses, it is important to limit harmonic currents injection [6]. For this purpose, international and national organizations defined the limits for each harmonic amplitudes, in relation to the fundamental one, as well as the limits of the total harmonic distortion (THD) [7,8,9]. “IEEE Recommended Practice and Requirements for Harmonic Control in Electric Power Systems” limits the harmonic distortion at the point of common coupling, and defines the limit values for up to the 50th harmonic. This standard prescribes different harmonic limits depending on the system rated voltage [7]. International Electrotechnical Commission published series of standards “IEC 61000-3:2022 SER-Electromagnetic compatibility” where different standards treat harmonic emissions in public low-voltage systems and the connection of distorting installations in medium, high and extra high voltage systems [9].



In order to meet these limitations, various methods are being developed to mitigate harmonic emission. Harmonic emission mitigation methods are classified into three categories: passive, active, and hybrid methods. Choosing the most appropriate method for mitigating harmonic emission is a demanding process, and it should be borne in mind that some of the methods are highly dependent on network conditions, while others can cause resonant phenomena [10,11].



Nonlinear loads have a tendency to change their input impedance over the time and this has a significant impact on their current harmonic emission. Thus, the network harmonic impedance can be used to characterize the impact of individual nonlinear devices on harmonic currents emission in the grid [12], which can be useful for proper harmonic limiting method selection.



Investigations of possible adverse health issues associated with exposure to magnetic fields is of great research interest in recent decades. Numerous studies are conducted in order to find the exact mechanism of the impact of these phenomena on humans, as well as to establish consequences of that exposure [13,14,15,16,17]. Based on the experimental research and the statistical analyses of the relationship between the magnetic field exposure and the occurrences of severe diseases, the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [18] published guidelines for limiting exposure to time-varying electric and magnetic fields in the frequency range (1 Hz–100 kHz). These guidelines relate to instances when the fields are caused by pure sine currents and voltages, but also instances when their harmonic distortion is present. The guidelines cover all magnetic flux density harmonics which may occur in power system facilities. Since harmonic standards cover limit values up to the 50th harmonic, which for a system with fundamental frequency of 50 Hz corresponds to a frequency 2500 Hz, or 3000 Hz for the systems with a fundamental frequency of 60 Hz, it is interesting to note exposure limit values for that frequency range. For occupational exposure to time varying magnetic fields ICNIRP limit values are   1 ×  10  − 3     T in a frequency range from 25 Hz to 300 Hz, and   0.3 / f   T for a frequency range from 300 Hz to 3 kHz, where f is the frequency of the analysed field. For general public exposure, the limit values for various frequency ranges are defined in a slightly different way. For a frequency range from 50 Hz to 400 Hz the limit value is   2 ×  10  − 4     T and for a frequency range from 400 Hz to 3 kHz, the limit value is defined as   8 ×  10  − 2   / f   T. When it comes to simultaneous exposure to multiple frequency fields, which is the case in the vicinity of power facilities with currents polluted by harmonics, specific criterion regarding reference levels should be applied [18]. According to these criteria, the influence of fields of all frequencies is summed up and the exposure limit value can be violated even if the fields at all frequencies individually meet the limit values.



It is important to perform magnetic flux density determination in the vicinity of overhead lines, as one of the strongest field sources. It is often assumed that if the magnetic flux density of the fundamental harmonic satisfies the prescribed reference levels than the harmonic magnetic flux density also satisfies them. However, this does not have to be the case in situations where currents with a large presence of higher harmonics flow through overhead lines [19,20].



In this paper, a method for magnetic flux density harmonics calculation in the vicinity of overhead lines is considered. The method is validated by comparing the results obtained by the considered method to the measurement results. Furthermore, the considered method is applied to calculate magnetic flux density harmonics in the case of a currently operational medium voltage overhead lines.



The remainder of this paper is organized as follows. Section 2 provides a detailed description of the considered calculation method for the calculation of magnetic flux density harmonics. In Section 3, a comparison of the results obtained by considered calculation method with the measurement results is given. Section 4 considers the application of the considered calculation method on a case of two overhead distribution lines of a typical configuration of phase conductors. Section 5 concludes the paper.




2. Calculation Method


In order to analyse magnetic flux density harmonics it is necessary to consider the exact phase current conditions. In overhead lines with the presence of higher current harmonics, phase current waveforms have the general form:


   i a   ( t )  =  2   ∑  h = 1  N   I  a   ( h )   s i n  ( h ω t +  θ  a   ( h )   )   



(1)






   i b   ( t )  =  2   ∑  h = 1  N   I  b   ( h )   s i n  ( h ω t +  θ  b   ( h )   )   



(2)






   i c   ( t )  =  2   ∑  h = 1  N   I  c   ( h )   s i n  ( h ω t +  θ  c   ( h )   )  ,  



(3)




where:    i a   ( t )   ,    i b   ( t )   ,    i c   ( t )    are phase current waveforms, N is the total number of considered harmonics, h denotes the harmonic under a consideration,   I  a   ( h )   ,   I  b   ( h )   ,   I  c   ( h )    are root mean square (RMS) values of phase current intensities of h-th harmonic,  ω  is fundamental harmonic angular frequency, and   θ  a  h  ,   θ  b  h  ,   θ  c  h   are h-th harmonic phase angles associated with the phase currents.



It is important to note that not all current harmonics behave in the same manner as the fundamental harmonic. According to symmetrical component theory, current harmonics can be categorized into three different sequences: direct, inverse, and zero. The phase angles for direct, inverse and zero sequence harmonics are defined by the Equations (4)–(6), respectively [19,20]:


       θ  a   ( h )        θ  b   ( h )        θ  c   ( h )       =     0      e  − j   2 π  3         e  j   2 π  3         ( h = 3 · k + 1 , k = 0 , 1 , 2 , … )   



(4)






       θ  a   ( h )        θ  b   ( h )        θ  c   ( h )       =     0      e  j   2 π  3         e  − j   2 π  3         ( h = 3 · k + 2 , k = 0 , 1 , 2 , … )   



(5)






       θ  a   ( h )        θ  b   ( h )        θ  c   ( h )       =     0     0     0      ( h = 3 · k , k = 1 , 2 , 3 , … )  .  



(6)







For each considered calculation point in the vicinity of the overhead line, magnetic flux density can be calculated by applying the BS law based method [21]. This method considers every phase conductor as one current point source. Based on the equations for the calculation of magnetic flux density for fundamental harmonics [22], derived from the BS law based method, magnetic flux density for harmonics of a higher order can be calculated. The magnetic flux density for the entire lateral profile is calculated separately for each current harmonic. For the h-th order harmonic, the magnetic flux density phasor spatial components at an arbitrary calculation point   P ( x , y )   in the vicinity of the overhead distribution line can be calculated using the following equations:


    B ̲   x   ( h )    ( x , y )  =   μ 0   2 π   ·  ∑  i = 1  n   −   y −  y i    r  i  2   +   y +  y i  +   α ̲   ( h )       r  i  ′   2    ·   I ̲   i   ( h )    



(7)






    B ̲   y   ( h )    ( x , y )  =   μ 0   2 π   ·  ∑  i = 1  n     x −  x i    r  i  2   −   x −  x i      r  i  ′   2    ·   I ̲   i   ( h )   ,  



(8)




where     B ̲   x   ( h )    ( x , y )    and     B ̲   y   ( h )    ( x , y )    are x and y vector components of the h-th harmonic magnetic flux density phasor,   μ 0   is the permeability of the air, n is the total number of phase conductors,    I ̲   i   ( h )    is the current intensity of h-th harmonic of i-th phase conductor, (x,y) are coordinates of an arbitrary calculation point, (  x i  ,  y i  ) are coordinates of the i-th phase conductor,    α ̲   ( h )    is the complex depth,   r i   is the shortest distance between the i-th phase conductor and calculation point,   r i ′   is the shortest distance between complex image of i-th phase conductor and calculation point.



The effect of ground surface is taken into account by using the complex image method. The complex depth is frequency dependent, therefore it can be calculated using the following equation [23,24]:


    α ̲   ( h )   =  2   − j ·  ω  ( h )   ·  μ 0  ·  (  σ  s o i l   − j ·  ω  ( h )   ·  ε  s o i l   )     ,  



(9)




where   ω  ( h )    is the h-th harmonic angular frequency,   σ  s o i l    is soil conductivity,   ε  s o i l    is dielectric permittivity of the soil.



The total magnetic flux density spatial vector components at an arbitrary calculation point can be obtained by applying the principle of superposition to include the contributions of each considered harmonic, as in:


   B  x   t o t    ( x , y )  =    ∑  h = 1  N      B ̲   x   ( h )    ( x , y )   2     



(10)






   B  y   t o t    ( x , y )  =    ∑  h = 1  N      B ̲   y   ( h )    ( x , y )   2    ,  



(11)




where    B  x   t o t    ( x , y )    and    B  y   t o t    ( x , y )    are magnetic flux density vector spatial components RMS values.



The resultant value of the total magnetic flux density with the presence of higher harmonics taken into account at some arbitrary point is defined as [21]:


   B  t o t    ( x , y )  =   |  B  x   t o t    ( x , y )   | 2  +    B  y   t o t    ( x , y )   2    ,  



(12)




where    B  t o t    ( x , y )    is the resultant value of the magnetic flux density at an arbitrary point with coordinates   ( x , y )  .



THD of the magnetic flux density can be calculated using the following equation [25]:


  T H  D B   ( x , y )  =      ∑  h = 2  N   B  ( h )    ( x , y )   2     B  ( 1 )    ( x , y )    .  



(13)







The RMS value of magnetic flux density for each considered harmonic, including the fundamental one, can be calculated from the following equation:


   B  ( h )    ( x , y )  =       B ̲   x   ( h )    ( x , y )   2  +     B ̲   y   ( h )    ( x , y )   2    ,  



(14)




where    B  ( h )    ( x , y )    is the RMS value of the h-th magnetic flux density at an arbitrary point with coordinates   ( x , y )  .




3. Calculation Method Validation


In order to validate the proposed calculation method, a comparison between calculated and measured values is presented in this section. Two cases have been analysed. The first considered case is a simple low voltage three-phase horizontal conductor arrangement with previously published results. The second considered case corresponds to a three-phase distribution overhead line of 35 kV rated voltage with horizontal phase conductor arrangement.



3.1. Low-Voltage Experimental Case


The method for the calculation of magnetic flux density harmonics in the vicinity of overhead lines is validated by the comparison of calculated magnetic flux density with measurement results given in the literature [26]. The measurements correspond to the three-phase configuration where conductors are placed at the same height, as shown in Figure 1a. Magnetic flux density calculation and measurements are performed at ground level over the considered lateral profile in increments of 25 cm. Two cases are examined, without the presence of higher current harmonics, and with the presence of third current harmonic. The phase current intensity RMS value during the measurements is 4.58 A at frequency 16.666 Hz, and the third harmonic current intensity is 0.7633 A at frequency 50 Hz [26]. For both cases, the comparison of magnetic flux density measurement results and the obtained calculation results for the considered test case are given in Figure 1b.



From Figure 1b, it can be noted that there exists a high level of agreement between the measurement and the calculation magnetic flux density results in both considered cases; in the absence and in the presence of a third current harmonic in the system. Although magnetic flux density measurements were originally presented in Gauss [26], in this paper they are converted to SI system units. Measurements were extracted from the paper [26] using the WebPlotDigitizer tool [27], which may be the cause of certain deviations from the originally presented measurements.



In order to determine the level of agreement between the calculated and measured values, in both cases, mean square error (MSE) metric is used. In the case when there is no presence of higher harmonics, the mean square error is   4.08 ×  10  − 4       ( μ T )  2  , while in the case when there is a third harmonic in the considered system, the MSE value amounts to   6.62 ×  10  − 4        ( μ T )  2  .



There are certain deviations between the measurement and calculation results regardless of whether there is the presence of higher harmonics or not. It is interesting to note that, in the significant number of considered points observed deviations are larger in case without presence of third harmonic. Taking this into account it can be considered that the proposed model adequately takes into account the presence of higher harmonics. Deviations between measured and calculated values in both cases can be caused by low current intensity, which causes low magnetic flux density values, which are more difficult to register. Furthermore, although measurements are intended to be performed at floor level, it is difficult to set the sensor exactly at that level and due to the small height at which conductors are placed, this can significantly affect measured values. The small distances between the conductors and between the points where the magnetic flux density measurement are performed, can also have an impact on measured values.




3.2. Overhead Distribution Line Case


The proposed calculation model is also validated in the case of the overhead distribution line of 35 kV rated voltage. The phase conductor configuration of considered distribution line is shown in Figure 2a. The height of the phase conductors was determined by measurements using Suparule model 600 height meter, while the lateral distance between the phase conductors was taken from the technical specifications obtained from the local distribution company. The magnetic flux density has been measured by the 3D probe Narda-ELT 400 whose frequency range is from 1 Hz up to 400 kHz. Measurements are performed at the height of 1 m above ground surface. Measurements were performed from the distribution line axis to a distance of 20 m in one direction with increments of 1 m. Simultaneously with the measurement of the magnetic flux density, the current intensity was also measured. The measurement of the current intensity and current harmonic spectrum was conducted by power quality analyser EPPE W8. These measurements were carried out in the distribution transformer station (35/10 kV) which is supplied by the considered overhead distribution line. The power quality analyser was connected to the secondary windings of current measuring transformers that are placed on the lower voltage terminals (10 kV terminals) of the distribution transformer. The transmission ratio of the current measuring transformer is 600/5 (A). Therefore, the measured values of current intensity were corrected by the transmission ratios of the current measuring transformer and the distribution transformer. The value of the fundamental harmonic intensity was 218.64 A at frequency 50 Hz. The registered current harmonic content is given in Figure 2b.



A comparison between the measured and calculated magnetic flux density values is presented in Figure 3. It can be noted that the results of measurements and the calculations of magnetic flux density closely match. For this case, the calculated value of the mean square error equals   2.24 ×  10  − 3       ( μ T )  2  .



The observed deviations between the measurements and calculation results can be caused by numerous factors such as current intensity and current harmonic content variation during the measurement of the magnetic flux density, measurement transformer error and uneven terrain on location where magnetic flux density was measured.



The results of two analysed cases demonstrate that the considered calculation method can be used for magnetic flux density analysis in the vicinity of overhead lines with the presence of higher current harmonics.





4. Case Studies


The considered calculation method has been applied to perform a magnetic flux density harmonics calculation in the vicinity of two typical overhead distribution lines. The first case corresponds to a 10 kV overhead distribution line of horizontal phase conductor configuration and the second case corresponds to a 35 kV overhead distribution line. These overhead distribution line configurations are selected based on their widespread use, large human population proximity, and the presence of higher current harmonics in the medium voltage networks, due to a high number of nonlinear loads and distributed generation.



4.1. Overhead Distribution Line of Horizontal Configuration


The first considered overhead distribution line configuration is shown in Figure 4a. Calculations are performed for the rated current of phase conductors and the usual presence of higher current harmonics. For the 10 kV rated voltage overhead line, the aluminium steel conductor with ampacity of 170 A is typically used. Calculations are performed for the converter-based distributed generator typical harmonic spectrum as in Table 1 [28,29].



The main goal of magnetic flux density calculation is to determine whether or not the values of magnetic flux density generated by the overhead distribution line exceed the prescribed values. Thus, in Figure 4b, the maximum calculated values of magnetic flux density harmonics are shown together with the ICNIRP reference levels for exposure to time varying magnetic fields [18]. Calculations are performed over the lateral profile from −20 m to +20 m from distribution line axis, at a height of 1 m above ground surface. Calculations are performed for the assumed minimum conductor heights, where the highest magnetic flux density values are expected [30].



From Figure 4b it can be noted that all magnetic flux density harmonics, in the considered case study, satisfy prescribed limit values for both general and occupational exposure. In addition, ICNIRP proposes criteria for simultaneous exposure to multiple frequency fields [18]. These criteria are originally defined for magnetic field strength, but in this paper they are adjusted for the magnetic flux density. Taking into account the relationship between the magnetic field strength and the magnetic flux density, the criteria can be defined by the following equation:


   ∑  j = 1  Hz   10  MHz     B j   B  R , j    ≤ 1 ,  



(15)




where   B j   is magnetic flux density at frequency j, and   B  R , j    is magnetic flux density reference level at frequency j for professional or general public exposure.



Taking into account magnetic flux densities of all present harmonics, the sum from Equation (15) corresponds to a value of   4.8 ×  10  − 3    , which is significantly less than 1. The general public exposure reference values are used for calculation. Considering that occupational exposure reference values are larger, it can be concluded that for this test case exposure limits are satisfied in all conditions.



Taking into account that a typical overhead distribution line is analysed under the assumption that phase current intensity is equal to the conductor ampacity, information that even in the most difficult load conditions will not violate the prescribed reference values is very significant. This is especially relevant for densely populated areas, where distribution lines are widespread.



Figure 5a presents the magnetic flux density distributions associated with the fundamental harmonic, the total magnetic flux density where contributions of the entire analyzed harmonic spectrum are taken into account, and the magnetic flux density where only a limited harmonic spectrum is considered (only those harmonics with values higher than 5% of fundamental harmonic are considered). Figure 5b shows the distribution of magnetic flux density higher order harmonics over the considered lateral profile.



It can be noted from Figure 5 that all considered magnetic flux density harmonics as well as the total magnetic flux density have a maximum value at the distribution line axis. The maximum calculated values of magnetic flux density in Figure 5a are 1.84   μ T   for total magnetic flux density with entire harmonic spectrum, 1.83   μ T   for limited harmonic spectrum and 1.76   μ T   for fundamental harmonic magnetic flux density. The relative error between the total magnetic flux densities, when the entire harmonic spectrum and limited harmonic spectrum were taken into account, is −0.54%. On the other hand, the highest relative error between the magnetic flux densities corresponding to a case when the entire harmonic spectrum is considered, and a case when only the fundamental harmonic is taken into account, is equal to −4.35%. The observed difference between these three values is due to the presence of higher current harmonics which cause higher magnetic flux density harmonics.



Fundamental harmonic magnetic flux density, total magnetic flux density and magnetic flux density limited to harmonics higher than 5% over one period are shown in Figure 6. Magnetic flux density waveforms correspond to the point directly under the central phase conductor, where magnetic flux density reaches the maximum value for all considered harmonics. The total magnetic flux density waveforms when higher harmonics presence was taken into account are obtained by superimposing the waveforms of all considered magnetic flux density harmonics.



As it can be noted from Figure 6 fundamental harmonic magnetic flux density have the sine waveform, while other two magnetic flux densities have distorted waveforms due to the presence of higher current harmonics. Also, it can be noted that magnetic flux densities for cases of entire and limited harmonic spectrum have similar waveforms with minor deviations.




4.2. Overhead Distribution Line of 35 kV Rated Voltage


Phase conductor arrangement of the second analysed overhead distribution line is presented in Figure 7a. The calculations are performed for the rated current of phase conductors and in the presence of higher current harmonics. For the analysed 35 kV rated voltage distribution line, the current intensity of fundamental harmonic of 300 A is assumed. The harmonic spectrums used in this case are the same as in the previous case. In Figure 7b, the maximum calculated values of magnetic flux density harmonics are shown together with the ICNIRP reference levels for exposure to time varying magnetic fields [18]. Calculations are performed over the lateral profile from −20 m to +20 m from distribution line axis, with increments of 1 m. Calculations are performed at a height of 1 m above ground surface.



In this case, as in the previous one, all magnetic flux density harmonics are lower than both prescribed limit values for the general and occupational exposure. Applying the ICNIRP criteria for simultaneous exposure to multiple frequency magnetic fields, the obtained sum for stricter limits, defined in Equation (15) amounts to   5.2 ×  10  − 3    , which means that also in this considered case, exposure restrictions are satisfied.



The comparison of magnetic flux density distribution for fundamental harmonics as well as the total magnetic flux density, where contributions of the entire analysed harmonic spectrum and limited harmonic spectrum are considered, are shown in Figure 8a. The magnetic flux density of higher order harmonics over the considered lateral profile is shown in Figure 8b.



The maximum calculated value of the fundamental harmonic magnetic flux density shown in Figure 8a is 1.91   μ T  . On the other hand, the maximum values of the total magnetic field density for case of entire and limited harmonic spectrum are 2.00   μ T   and 1.99   μ T  , respectively. The highest relative error between total magnetic flux densities when entire harmonic spectrum and limited harmonic spectrum were taken into account is −0.5%. The highest relative error between the magnetic flux densities corresponding to a case when entire harmonic spectrum is considered, and a case when only fundamental harmonic is taken into account, is equal to −4.5%. It is noticeable that in this case, the higher current harmonics have a significant impact on the calculated magnetic flux density values, as in the previous case.



Fundamental harmonic magnetic flux density waveform, magnetic flux density waveform obtained by taking into account entire harmonic spectrum and magnetic flux density taking into account limited harmonic spectrum for the analysed 35 kV overhead distribution line are shown in Figure 9. The waveform correspond to a particular point in the considered lateral profile where maximum magnetic flux density values are attained.



Figure 9 demonstrates the distortion of magnetic flux density waveform due to the impact of the current harmonics. The total magnetic flux density waveform is dependent on the current harmonic spectrum.



Magnetic flux density THD, over the entire considered lateral profile, is 29.42% in both considered case studies and, as expected, it is equal to current intensity THD. At all analyzed points, the ratio of the magnetic flux density of the higher harmonic to the fundamental harmonic magnetic flux density is also constant and equal to the ratio of the current of the corresponding higher harmonic to the fundamental harmonic current.



The obtained results, in all analysed cases, undoubtedly show the significance of magnetic flux density harmonics in the magnetic flux density exposure analysis. The magnetic flux density harmonics are especially important when analyzing overhead distribution lines, due to the their harmonic pollution as well as population proximity.





5. Conclusions


This paper consider a method for the calculation of magnetic flux density harmonics in the vicinity of overhead lines. The considered method is based on the BS law. The validation of the calculation method is done by comparison of the results obtained by the considered calculation method with the measurement results. In addition, the considered method is applied for magnetic flux density harmonics calculation of two typical overhead distribution lines. The obtained results show the difference between the fundamental harmonic magnetic flux density and the resultant value obtained when the higher current harmonics are taken into consideration. The observed differences emphasize the significance of magnetic flux density harmonics analyses, especially in situations where the obtained magnetic flux density values are close to the prescribed values.



Results presented within the paper showed that, when calculating the magnetic flux density caused by harmonics distorted current, the magnetic flux density waveform will also be distorted. In addition, it was shown that if current harmonics with a small percentage share are neglected, this will have a slight effect on a calculated total value of the magnetic flux density. Specifically, it was shown that when the share of current harmonics is lower than 5%, they can be neglected without introducing any significant errors in the results of the total magnetic flux density calculation. Such an approximation further reduces the calculation time, since the total current harmonic spectrum does not need to be considered.
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Figure 1. Considered validation case study. (a) Three-phase experimental configuration [26]. (b) Comparison of calculated and measured results. 
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Figure 2. Considered 35 kV horizontal overhead distribution line case. (a) 35 kV overhead distribution line configuration. (b) Current harmonic spectrum. 
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Figure 3. Comparison of calculated and measured values for analysed 35 kV overhead distribution line. 
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Figure 4. Considered 10 kV overhead distribution line case. (a) 10 kV overhead distribution line configuration. (b) Comparison with ICNIRP reference values. 
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Figure 5. Magnetic flux density distribution for the analysed 10 kV overhead distribution line. (a) Fundamental harmonic and total magnetic flux density. (b) Higher harmonics magnetic flux density. 
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Figure 6. Magnetic flux density waveform for analysed 10 kV overhead distribution line. 
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Figure 7. Considered 35 kV overhead distribution line case. (a) 35 kV overhead distribution line configuration. (b) Comparison with ICNIRP reference values. 
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Figure 8. Magnetic flux density distribution for analysed 35 kV overhead distribution line. (a) Fundamental harmonic and total magnetic flux density. (b) Higher harmonics magnetic flux density. 
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Figure 9. Magnetic flux density waveform for analysed 35 kV overhead distribution line. 
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Table 1. Considered current harmonic spectrum.






Table 1. Considered current harmonic spectrum.





	Harmonic Order
	Magnitude (%)
	Phase Angle (Rad)





	1
	100
	0



	5
	20
	0



	7
	14.3
	0



	11
	9.1
	0



	13
	7.7
	0



	17
	5.9
	0



	19
	5.3
	0



	23
	4.3
	0



	25
	4
	0



	29
	3.4
	0



	31
	3.2
	0
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