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Abstract

:

The ongoing re-equipment of electric power systems is based on the use of smart grid technologies. Among the key tasks that are solved on this basis are increasing the capacity of power transmission lines, reducing losses, and improving power quality. To address these issues, one can use compact power transmission lines. Such lines are notable for their complex split-phase designs and close together placement of current-conducting parts, so as to keep the distance to a permissible minimum, which is achieved by the use of insulating spacers. This article reports the results of computer-aided simulations performed for a standard railroad power supply system, the traction substations of which were connected to 220 kV networks through compact overhead lines (COHLs). The purpose of the study was to calculate the values of quantitative metrics that measure power quality and energy efficiency as well as electromagnetic safety. Modeling was performed in the three-phase reference frame with the use of techniques and algorithms implemented in the Fazonord software package. We considered a power supply system with 25 kV overhead contact systems. It was assumed that the external network used three different designs of COHLs: with coaxial, linear, and sector-shaped arrangements of conductors. Based on the results obtained, we concluded that (1) when using COHLs, the voltages on bow collectors of electric rolling stock were stabilized and did not exceed permissible limits; (2) losses in the traction network were reduced; and (3) the parameters of power quality and electromagnetic safety conditions in external power supply systems of railroads were improved, if judged in terms of electric and magnetic field strengths. Out of the eight types of COHLs considered, compact lines with the three-segment and concentric arrangement of conductors had the best performance, and the use of COHLs with the vertical arrangement of conductors made it possible to reduce electric field strengths. However, the designs of such transmission lines are quite complex and entail higher construction costs.
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1. Introduction


Electrified railroads are large and spatially dispersed consumers of electricity, and they require a reliable and efficient power supply for the traction of trains and the fixed-site facilities of transport infrastructure. To address these issues and stay relevant in today’s context, technological upgrades to electric power systems (EPS) are being carried out, which are based on the adoption of smart grid technologies. One important area of the adoption of these technologies is the use of compact power transmission lines, which are characterized by their complex split-phase designs and close together placement of current-conducting parts. The distance between them is kept to a permissible minimum, which is achieved by the use of insulating spacers.



A large body of research, published in this country and abroad, has addressed the issues of design and analysis regarding power flows in electric power systems equipped with COHLs. A detailed presentation of the basic theoretical aspects of building COHLs is available in books [1,2]. Articles [3,4] describe power flow considerations related to compact 220 kV lines. Study [5] discusses the issues of design in high-voltage COHLs. The results of the COHL capacity assessment were reported in [6]. The issues of reliability, economic performance, and quality of COHLs are discussed in article [7]. Papers [8,9] deal with design features specific to COHLs. Novel engineering solutions for power transmission links, including COHLs, are reported on in research monograph [10]. Articles [11,12] evaluate the effectiveness of the use of compact controlled transmission lines. In [13] a design of a compact quadruple circuit 500 kV transmission line is presented. This was proposed in order to increase the cross-arm length of the ground steel wire to improve the shielding angle, which reduces the maximum peak current of lightning that can strike the phase wire. In article [14], a software tool was developed for modeling compact power transmission lines via finite element analysis, as well as for calculating the surface electric field distribution. The results indicated that the maximum electric field strength decreased by nearly 36% to 25 kV/cm from 39 kV/cm. In [15], methods for increasing the transfer capacity of 35–220 kV transmission lines through the use of novel small-sized tower designs are proposed. The authors developed original techniques for determining the inductive reactance and capacity admittance values of the proposed COHLs. Article [16] deals with the study of induced voltage on AC power lines. The results of the study attested to the fact that by relying on COHLs, it was possible to reduce the induced voltage on DC power transmission lines as the induced voltage decreased from 24 to 17 kV, given a distance of 40 m between the lines. Study [17] discusses the possibility of increasing the transfer capacity of 35–220 kV transmission lines by placing phases closer together and splitting them. It was shown that the use of insulating cross-arms can increase the transmitted power as well as reduce the overall size of the transmission line and the right-of-way area. Article [18] investigated alternatives to parallel lines in terms of the magnetic flux density level of conductors. The design presented in the article exhibited the highest levels of magnetic flux density. Study [19] examined 115 kV three-phase compact transmission lines. Article [20] reports the results of the electric field analysis of a small-sized 150 kV transmission line. The results indicated that the highest electric field strength reached 6 kV/m, which is in compliance with the WHO standard (10 kV/m). Paper [21] dealt with tests of air gaps during pulse voltage discharge switching in a compact transmission line. It provided guidelines for the design and maintenance of extra-high voltage COHLs, which is useful for ensuring the reliability of electrical networks. Article [22] analyzed the difficulties that arise in large-capacity long-distance power transmission. The authors reported the results of preliminary research on the benefits of COHLs in terms of increased transmission capacity. Based on those studies, they proposed a concept of a flexible compact AC transmission system. Study [23] investigated the outage rate caused by lightning strikes on compact power transmission lines. To that end, design differences between compact and conventional power transmission lines were taken into consideration. Article [24] dealt with the magnetic field analysis of a 150 kV compact transmission line. The results indicated that the maximum magnetic field density around the 150 kV compact transmission line was 8.25 μT, which met the WHO standard (100 μT). In [25], methods for lightning protection of compact overhead power lines are presented. Article [26] discusses the engineering aspects of a new configuration of transmission line. The line was of a compact delta design, differing significantly from the standard flat horizontal configuration. Article [27] details the testing of the first small-scale 500 kV transmission line in China. A number of tests were conducted to investigate its characteristics. The electrical parameters, including positive and negative sequence impedances, matched the design values. In [28], it was shown that large-power compact overhead 500 kV transmission lines will contribute to significant economic gains. In [29,30,31,32], several models of 500 kV compact transmission lines were described, including single-circuit and double-circuit ones. The results of the calculations confirmed that the application of COHLs can reduce the maximum surface field gradients as well as reduce the surge impedance, which leads to a significant increase in transfer capacity. The main characteristics of COHLs are reported in [30].



On the basis of the above review, we can conclude that the relevance of the study of load flows and electromagnetic fields of COHLs has been well-established. In the future, it will be possible to use COHLs in the networks feeding traction substations of mainline AC railroads. Against the backdrop of digitalization and the use of power in the transport sector, computer technologies should be utilized to assess the effectiveness of such engineering solutions. This can be implemented based on the integrated modeling of electric power systems and power supply systems of railroads using the three-phase (ABC) frame of reference [33]. Below are the results of research aimed at developing digital models of COHLs and determining the effectiveness of utilizing such transmission lines in 220 kV electrical networks that power traction substations.



This study contributes to the existing literature by providing the following:




	
We propose original models of power systems and power supply systems for AC railroads, with such models enabling quantitative evaluation of efficacy and the application of COHLs for supplying power to traction substations;



	
The approach adopted for the creation of these models stands apart from other approaches in that it is system-based and treats COHLs as inseparable from the power flows of a complex power system.



	
In contrast to traditional methods based on a single-line representation, our models were built using the three-phase (ABC) reference frame, which provides the most adequate modeling of power system load flows with single-phase traction loads that create significant imbalances in the electrical networks that feed them.



	
Dynamics changes in traction loads were captured by simulating the movement of trains along real-world rail track profiles.









2. Object of the Study


The simulations reported in this paper were performed in the Fazonord software package [33]. We considered a power supply system for a section of mainline railroad, including an external 220 kV network, four traction substations, and three areas between the substations (Figure 1). The simulation was carried out for two scenarios. In the first one, the 220 kV feeder network used standard lines (Figure 2) made of AS-600 wires, and in the second one, the power lines had a compact design (Figure 3). The COHLs investigated here fall into three groups: with coaxial, linear, and sector-shaped arrangements of conductors. We considered eight COHL designs. The coordinates of their conductors are shown in Figure 4.



Compact power transmission lines are characterized by their unconventional arrangements of conductors and close together placement of phases, which keep the distance between them to a permissible minimum. The distance is subject to technical limitations, which are determined by the following factors:




	
Possible movement of conductors within the span due to wind;



	
Non-synchronous galloping;



	
Galloping during ice removal;



	
Possible overvoltages and constraints on corona discharge.








Compact power transmission lines are built by bringing phase conductors closer together using in-span spacers made of insulating materials, such as polymer rod insulators. In this case, the distances between phases on the towers do not change.



Another way of building compact transmission lines is based on the use of special-purpose towers. When selecting the minimum allowable phase distances, switching overvoltages act as the limiting factor. Minimum cross-section values are limited by radio interference and corona losses.



In terms of their design, the investigated COHLs fall into three groups (Figure 3):




	
Lines with a coaxial arrangement of conductors (Figure 4b,c,e,h);



	
Power transmission lines with a linear arrangement of current-conducting parts (Figure 4a,e);



	
Sector-shaped COHLs (Figure 4d,g).








In addition to obviously reducing right-of-way requirements, compact overhead lines lessen the impact of electromagnetic fields on the natural environment, increase the capacity of power transmission lines, and reduce power losses compared to conventional three-phase lines. These factors can be measured in quantitative terms by modeling COHLs using the three-phase frame of reference for different types of compact lines. The results of such modeling, performed in the Fazonord software package, are detailed below. Key differences between the presented findings and the results reported in the literature review of Section 1 include the following: load flow analysis of COHLs was carried out so as to take into account the significant unbalance caused by single-phase traction loads; simulations were performed for a series of load flows corresponding to the movement of traction loads in space.




3. Method and Results of Modeling


The main idea behind the method of modeling components for electric power plants and traction power supply systems (TPSS) in the phase frame of reference is the use of equivalent lattice circuits with a fully connected topology for power transmission lines, traction AC networks, and transformers [30]. Forming a lattice circuit presupposes the following:




	(1)

	
The presence of flat conductive homogeneous earth;




	(2)

	
Line wires that run parallel to each other and the ground surface;




	(3)

	
Consideration of conductor current return through the ground for power transmission lines and traction networks;




	(4)

	
Conductor radii that are small compared to the distances between current-carrying parts;




	(5)

	
The sequence of conductor numbering is determined by the order governing the arrangement of information about them;




	(6)

	
Positive directions of currents from the side external to the circuit component are assumed to be those directed towards (inside) the multi-conductor component;




	(7)

	
Potentials of the nodes are counted relative to the zero-ground potential.









Lattice circuit modeling of a multi-conductor line is performed in three steps. In the first step, an equivalent circuit with a fully connected topology is formed on the basis of self and mutual values of ohmic resistance and reactance of conductor-to-ground circuits. The second step involves calculating the self and mutual capacitances of the conductors and the third step deals with possible connections linking the ends of the conductors to each other. The formation of the lattice circuit of the transformer is based on the equations of its electrical and magnetic state.



Our approach makes it possible to obtain models of almost all possible configurations of power transmission lines and power transformers, while taking into account the mutual-inductance coupling of conductors (transformer coils) with each other and the capacitances of line conductors. The resulting lattice circuit includes impedors (RL elements) whose ohmic resistance and reactance can have negative signs.



Thus, a multi-conductor system of n conductors, in which each conductor has mutual-inductance couplings with the others, can be substituted with an equivalent circuit made up of RL-branches that have a fully-connected topology. The number of these branches is 2n(2n-1)/2, and their conductances are determined from the conductance matrix of the multi-conductor system.



The capacitance coupling of conductors is taken into account after processing the mutual-inductance couplings. The self and mutual capacity admittances of the conductors in the U-shaped equivalent circuit are added to the corresponding nodes and branches of the lattice circuit.



If the component has no links to the node of zero potential (ground), i.e.,      z _    k 0     =   ∞   k = 1...n, the matrix       Y  _    P C     is the n-fold degenerate, which does not prevent the model from being used in calculations. Adding capacity admittances to ground or connecting components that have connections to ground eliminates the degeneracy of the matrix.



The capacity admittances of the lattice circuit are determined from the potential coefficients of the first group of Maxwell’s equations:


   U  =  A T   



(1)






   T  =    [       τ 1       τ 1      …      τ n       ]   T   



(2)




where   U  –n is the dimensional vector of conductor-to-ground voltages,   T   is the vector of conductor charges, and   A   is the matrix of potential coefficients of dimension n × n.



Using the matrix of capacitance coefficients,


  B =   A   − 1    



(3)




the self- and mutual partial capacitances are calculated, and shunts are added to the nodes of the lattice circuit, whose conductances are determined by half of the corresponding self-capacitance. In addition, on each side of the conductor system, additional branches are formed with impedance values calculated by half the values of the corresponding mutual capacitances.



The self-impedances of power transmission line conductors are calculated from Carson’s equations for the near range, with the addition of the internal resistance of the conductors. The external impedance is calculated as per the following expressions:


     Z _    ext   = 0.001 f + j f [ 0.01148 − 0.001256 ln ( r   0.02 σ f   ) ] ,   Ohm / km ;  



(4)




where f is the frequency, measured in Hz; r is the equivalent conductor radius (for steel-reinforced aluminum conductors, it is assumed to be 0.95 times the external radius of the conductor cross-section), measured in cm; and  σ  is the specific conductance of the homogeneous earth (or equivalent weighted average conductance), measured in S/m.



The internal resistance is different for different types of conductors. For steel-reinforced aluminum conductors, approximating approximate relationships are used:


   R  in   =  R 0  ( 0.9   +   0.0063  f  0.755   ) ,   Ohm / km ;  



(5)






   X  in   = 0.001  [   (  0.033   −   0.00107  f  0.83    )  S   +   1.07  f  0.83     −   13.5  ]  ,   Ohm / km ;  



(6)




where R0 is the resistance of 1 km of the conductor to direct current, measured in Ohm/km; f is the frequency, measured in Hz; and S is the cross-sectional area of the conductor, measured in mm2.



For solid aluminum and copper conductors with a cylindrical cross-section, the internal resistance is calculated by approximate formulas, provided that    |  q r  |  ≤ 4  :


   R  in   =  R 0  ( 1   +   0.0049  x 4    −   0.000035  x 7  ) ,   Ohm / km ;  



(7)






   X  in     =    R 0  ( 0.125  x 2    −   0.000613  x 5  ) ,   Ohm / km ;  



(8)






    q _  =   − j ω  γ Π   μ 0      ;   x = 0.01 r     7896 f    R 0  S       



(9)




where    γ Π    is the specific conductance of conductor material; r is the conductor radius, measured in cm; and S is the cross-sectional area of the conductor, measured in mm2.



For large values of x we use the ratio


   R  in   =  X  in   =    R 0  x   2  2     



(10)







For steel wires and rails, we use the approximate expression


    R  in   =  R  50     0.02 f     ,    X  in   = 0.75  R  in     



(11)




where    R  50     is the ohmic resistance for a frequency of 50 Hz.



The technique for load flow analysis of complex EPSs properly calculates the mutual electromagnetic effects in the near, intermediate, and far ranges of Carson’s integral [34].



Mutual inductance    M  i k     is the central concept from which inductive effects are determined. It involves the instantaneous transmission of load flow changes of individual conductors throughout a multi-conductor system. When determining    M  i k    , we consider the conductor-to-ground circuits. For sine wave processes, the mutual inductance yields a proportional relationship between the current in the circuit that creates the magnetic field and the EMF induced in the other circuit.


   E ˙  = − j ω  M  i k    I ˙  l = −    Z _    i k    I ˙  l  



(12)




where      Z _    i k     represents the impedance of the mutual-inductance coupling between circuits i and k, referred to 1 km of the length of the interacting conductors of length l; and  ω  is the angular frequency.



Carson’s formulas [34] are based on the correct solution of Maxwell’s equations and allow the self- and mutual inductances of conductors to be determined. They can be used to find the external self-impedance of a straight-line conductor over a flat surface of the homogeneous earth, as well as the mutual impedance of two conductors, taking into account the ground return currents. There are approximate expressions for the near and far ranges that do not apply to the intermediate range. The alignment chart given in [35] can be used for this purpose, or one can use the direct calculation of the series to which the integral is reduced; in this case, to achieve a high calculation accuracy, it is sufficient to consider the 14 members of the series.



Accounting for the delay in EMF propagation becomes more complicated when calculating the effects for harmonics as it becomes necessary to apply Carson’s solutions to the intermediate and far ranges, and to use the long-line equations as steady-state equations.



The Fazonord package forms an equivalent lattice circuit of a multi-conductor system based on expressions for the self- and mutual impedances of individual conductors. Therefore, we need a high-performance algorithm for implementing Carson’s formulas that will provide sufficient accuracy for practical purposes in the near, intermediate, and far ranges.



In Carson’s approach where the actual earth is replaced by a plane homogeneous solid, the method of mirror images is adjusted for its finite conductivity; in this case, the external self-impedance of a rectilinear conductor of small diameter and the mutual impedance of two parallel conductors are calculated as per the following formula [34]:


     Z _    i k   =   j ω  μ 0    2 π    (  ln    r  i k   ′    r  i k     +    F _    i k     )  = j 1.2566 ⋅   10   − 6   f  (  ln    r  i k   ′    r  i k     +    F _    i k     )   



(13)




where  ω  is the angular frequency, s−1;    μ 0  = 4 π ⋅   10   − 7     H/m;    r  i k   ′   is the distance between the conductor k and the mirror image of the wire i, measured in m;    r  i k     is the distance between conductors i and k, measured in m.



If we do not consider ground bias currents, the summand      F _    i k      determining the addition due to the finite ground conductivity can be found as follows:


         F _    i k   =  0.5  − ln  (  λ r  )  − j  π 4  −       −   ∑  n = 1  ∞     ( − 1 )  n      ( r / 2 )   2 n    e  j n π / 2     n !  (  n + 1  )  !     ×  [   (  ln  (  λ r  )  −  m n  + j  π 4   )  cos  (  2 n θ  )  − θ sin  (  2 n θ  )   ]  −       − 2   ∑  n = 1  ∞      (  − 1  )   n     r  2 n − 1    e  j ( 2 n − 1 ) π / 4    cos [   (  2 n − 1  )  θ ]    1 2  ⋅  3 2  ⋅  5 2  ⋅ …    (  2 n − 1  )   2  ⋅  (  2 n + 1  ) ;            m n  = 1 +  1 2  + … +  1  n + 1   −  1  2 ( n + 1 )   ;      r =  r  i k   ′     ω  μ 0   ρ    =   2.8099 ⋅   10   − 3   ⋅  r  i k   ′    f ρ      ;  r  i k   ′ =      (   x i  −  x k   )   2  +    (   y i  +  y k   )   2     ;     θ = arctg    x i  −  x k     y i  +  y k    ,     



(14)




where f is the frequency, measured in Hz;  ρ  represents ground resistivity, measured in Ohm-m; and  λ  = 0.890536209; (xi, yi), (xk, yk) represents the coordinates of conductors, m.



In deriving expressions (13) and (14), the y-axis direction is chosen to be vertically upward, the x-axis is perpendicular to the conductor axes, and the z-axis is opposite to the positive current direction. The origin of the coordinates is on the surface of the earth.



In the near range, when   r ≤ 0.25   an approximate expression of the following form is used for Formula (14):


     F _    i k   = − 0.077216 − ln   r  2  +    2   3  r cos θ − j  (   π 4  −    2   3  r cos θ  )   



(15)




for the far range that meets the condition   r ≥ 5  , the following formula is used:


     F _    i k   =    2   r   [   (  1 − j  )  cos θ + j    2  cos 2 θ  r  −  (  1 + j  )    cos 3 θ    r 2    +  (  1 − j  )    3 cos 5 θ    r 4     ]   



(16)




when i = k and   r ≤ 0.2  , Expression (13) corresponds to the external impedance of the conductor


         Z _    ʙ ʜ e ɯ   =   ω  μ 0   8  + j   ω  μ 0    2 π   ln  (   1   r  i i      2 γ      e ρ   ω  μ 0       )        =   ω  μ 0   8  + j   ω  μ 0    2 π   ln  (    1.8514    r  i i        ρ  ω  μ 0       )  ,   Ohm / m ,      



(17)




where    r  i i     is the radius of the conductor, measured in m;   γ   = 1.78107242 is Euler’s constant; and   ln γ   = 0.577215665; e = 2.718281828 is the base of a natural logarithm.



Ratio (17) takes into account the alternating magnetic field of the current and the corresponding inverse current distribution in the ground. Similar to Formula (17), the expression for calculating the mutual impedance in the near range follows from Expression (14) when   i ≠ k   and   r ≤ 0.2  


         Z _    i k   =   ω  μ  0    8  + j   ω  μ  0     2 π   ln  (    1.85    r  i k        ρ  ω  μ 0       )  ,   Ohm / m        r  i k   =      (   x i  −  x k   )   2  +    (   y i  −  y k   )   2         



(18)




where    r  i k     is the distance between the conductors i and k, measured in m.



For calculations in the intermediate range, it is advisable to transform Formula (14) to the following form:


        F _    i k   =  0.5  − ln  (  λ r  )  − j  π 4  −   ∑  n = 1  ∞      (  − 1  )   n       (  r / 2  )    2 n     n !  (  n + 1  )  !      [  cos  (    n π  2   )  + j sin  (    n π  2   )   ]  ×      ×  [   [  ln  (  λ r  )  −  m n   ]  cos  (  2 n θ  )  − θ sin  (  2 n θ  )  + j  π 4  cos  (  2 n θ  )   ]  −       − 2   ∑  n = 1  ∞        (  − 1  )   n   r  2 n − 1   cos  [   (  2 n − 1  )  θ  ]     1 2  ⋅  3 2  ⋅ …   ( 2 n − 1 )  2  ⋅ ( 2 n + 1 )    {  cos  [     (  2 n − 1  )  π  4   ]  + j sin  [     (  2 n − 1  )  π  4   ]   }         



(19)







Formulas (13)–(19) are implemented in the Fazonord software package and prove valid in the near, intermediate, and far ranges.



The following assumptions have been made when modeling the transformer:




	
Stray inductance is taken into account by connecting an inductive component in series with the coil;



	
The additional magnetic flux that makes a circuit through the tank walls of the transformer and determines the zero-sequence impedance is modeled by two additional rods of a five-rod transformer;



	
The relationship between field strength and induction in the transformer core is assumed to be linear;



	
The two outermost rods are characterized by the complex relative magnetic permeability      μ _    r 1   ′ − j    μ _    r 1   ″  ; it can correspond to the magnetic permeability of the middle rods, or be taken equal to one to simulate the magnetic flux through the oil and the transformer tank. The cross-sectional areas of these rods are the same. Their lengths and magnetic permeabilities are equal to each other;



	
The three middle rods of the magnetic core are characterized by a constant value of the complex magnetic permeability      μ _    r 2   ′ − j    μ _    r 2   ″  , determined from the nameplate values of current and no-load losses;



	
Each coil has ohmic resistance and reactance    R  i k   + j  X  i k    , which are determined by the short-circuit parameters; here i is the winding number, which corresponds to the row of the matrix and k is the rod number minus one, or the phase number, which corresponds to the column of the matrix;



	
The number of turns    w  i k     is determined by the effective inductance    B  2 m     (T) in the core and the nominal voltage of the coil;



	
The maximum number of transformer windings is assumed to be five.








The adequacy of the modeling was checked via comparison with the results of measurements performed at 220 kV substations feeding the traction networks of the main railway. The differences between the calculated and measured values of the asymmetry coefficients did not exceed 0.6%, and the differences in the values of the phase voltages did not exceed 2.3%.



The computational models were implemented in the Fazonord software package for nine cases. Eight cases corresponded to the COHL shown in Figure 4, and the other one to a standard power line, as shown in Figure 2. The models included the following components: five 220 kV power transmission lines, four traction substations (TS), and two sections of the contact system. We considered the passage of nine trains weighing 4084 tons (Figure 5a). Figure 5b shows the current profile, i.e., the current consumed by the electric locomotive as a function of the distance. Based on simulations, we determined the parameters defining the load flow and electromagnetic safety conditions. The dynamics of changes in some of them over time are shown in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13. These figures show the time dependencies for the following parameters: voltage U on the bow collector of the first train; the unbalance ratio k2U on 220 kV buses of TS 4; active power losses ΔPTN in the traction network of the area between substations; active power losses in the transmission line 1 ΔPTL; harmonic distortion kU220 at 220 kV buses of TS 4, phase C; harmonic distortion kU27.5 at the 27.5 kV input of TS 4; amplitude Emax of electric field strength; amplitude Hmax of magnetic field strength. For some transmission lines, these values were similar. Therefore, in order to ensure the clarity of the graphical relationships, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 show curves for three lines: a 220 kV transmission line of conventional design, as well as COHLs with three-segment and concentric arrangements of conductors. Table 1 and Table 2 show the extreme values of these parameters for all of the transmission lines considered.



Figure 6 depicts the dynamics of voltage change on the bow collector of the electric locomotive of the first train. Figure 7 shows similar plots for the negative-sequence unbalance ratios, which were calculated at 220 kV buses of the traction substation No. 4. Plots corresponding to the dynamics of changes in power losses in the traction network of the second inter-substation are shown in Figure 8. Similar dependencies for power losses in the transmission line 1 are shown in Figure 9. Figure 10 and Figure 11 show the plots corresponding to harmonic distortion values in the feeder and traction networks. Figure 12 shows plots of the electric field strength at a height of 1.8 m at the beginning of the transmission line 5, and Figure 13 shows similar dependencies for the magnetic field. The spatial structure of the EMF strengths of a three-segment compact overhead line is illustrated in Figure 14.



A summary of the data characterizing the simulation results is shown in Table 1 and Table 2 and Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 23 and Figure 24.



Our analysis of the results thus obtained allows us to conclude that the use of compact power transmission lines (Figure 4) instead of standard overhead lines (Figure 2) in the external power supply system of railroads enabled the following gains:




	–

	
Voltages on bow collectors of electrical rolling stock increased and stabilized (Table 1 and Figure 15). In the computational examples with a standard feeding line, voltage on the bow collector of the first train decreased below the permissible limit, and when using a three-segment COHL design it increased to 22 kV;




	–

	
Losses in the traction network were reduced; the maximum reduction took place when using a three-segment COHL design (Table 1 and Figure 17);




	–

	
Power quality was improved; negative-sequence unbalance ratios at 220 kV buses of traction substations were reduced (Table 1 and Figure 16);




	–

	
Harmonic distortions in the traction network (Table 2 and Figure 19) and at the interfaces with EPS networks (Table 2 and Figure 20) were reduced;




	–

	
The maximum amplitudes of the electric field (EF) of all the considered COHLs, except for the line with a vertical arrangement of wires, exceeded similar values for a standard power transmission line. The largest, fourfold, difference took place in the case of a three-segment COHL. However, the levels of EMF strengths for all the considered COHL designs did not exceed the permissible limits. Exceeding these limits only occurs when operating on a transmission line without de-energizing it (Figure 14).




	–

	
Design features of COHLs provided a reduction in the magnetic field (MF) strength of COHLs compared to power transmission lines of the standard design, Figure 22, Table 2. For example, the ratio of maximum MF amplitudes for a standard line and a concentric COHL reached 11.




	–

	
We observed the damping effects of COHLs, which manifested themselves as the reduction of field variability. The variation coefficients of EMF strengths for all of the considered COHLs were lower than those of the standard line (Figure 23). The maximum difference was observed for the double coaxial COHL and reached seven times. MF variability that was less than in the standard line took place in the case of the following designs (Figure 24): three- and two-segment lines, coaxial double lines, and a line with a vertical arrangement of conductors.










4. Conclusions


We have developed a workflow for the digital modeling of unbalanced and non-sinusoidal power flows, as well as that of electromagnetic fields of power supply systems of railroads, the external network of which represents compact power transmission lines of different designs. Based on our simulation results, we can conclude that compact power transmission lines with three-segment and concentric arrangements of conductors scored best in terms of power quality and energy efficiency. However, the designs of such transmission lines are quite complex and entail higher construction costs.



We have proposed a technique for determining the EMF strength of compact overhead lines that power traction substations. To that end, eight COHL designs have been considered.



The models developed by the authors for load flow analysis and EMF of COHLs are versatile, and they can be extended to COHLs of any type. Their use in the practice of designing external power supply systems for railroads will be instrumental to making informed decisions on the choice of rational designs of high-voltage power transmission lines.



The proposed models of power systems and power supply systems for railroads enable the evaluation of efficacy and application of COHLs for power supply of traction substations. The approach detailed in the article stands apart from other research in that it is systems-based and treats COHLs as inseparable from a complex power system. In contrast to traditional methods based on a single-line representation, our models were built using the three-phase (ABC) reference frame, which provides the most adequate modeling of power system load flows with single-phase traction loads that create significant unbalances in the electrical networks that feed them. The simulation took into account the dynamics of changes in traction loads by simulating the movement of trains along real-world rail track profiles.
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Figure 1. Network circuit: TS–traction substation. 






Figure 1. Network circuit: TS–traction substation.
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Figure 2. Coordinates of the arrangement of conductors of the power line of a standard design. 
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Figure 3. Classification of COHLs. 
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Figure 4. Coordinates of conductor arrangement for compact transmission lines: (a)—with a vertical arrangement of conductors, (b)—two-segment coaxial, (c)—four-segment coaxial, (d)—delta, (e)—double coaxial, (f)—parabolic, (g)—three-segment, (h)—concentric. 
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Figure 5. (a) Distance-time graph and (b) current profile of the train. 
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Figure 6. Voltage on the bow collector of the electric locomotive of the first train: 1 is COHL with a three-segment arrangement of conductors; 2 is COHL with a concentric arrangement of conductors; 3 is the transmission line of a conventional design with AS-600 conductors. 
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Figure 7. Negative sequence unbalance ratios at 220 kV buses of the TS—callout numbers correspond to those in Figure 6. 
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Figure 8. Power losses in the traction network of the middle inter-substation area—callout numbers correspond to those in Figure 6. 
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Figure 9. Power losses in the transmission line 1—callout numbers correspond to those in Figure 6. 
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Figure 10. Total harmonic distortion values at the 27.5 kV input of TP 4—callout numbers correspond to those in Figure 6. 
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Figure 11. Total harmonic distortion values at 220 kV buses of TP 4, phase C—callout numbers correspond to those in Figure 6. 
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Figure 12. Electric field (EF) strength at a height of 1.8 m at the beginning of the transmission line 5. 
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Figure 13. Magnetic field (MF) strength at a height of 1.8 m at the beginning of the transmission line 5—callout numbers correspond to those in Figure 6. 
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Figure 14. Spatial structure of the EMF strengths of a three-segment compact overhead line. 
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Figure 15. Voltage on the bow collector of the electric locomotive of the first train: 1 is a standard transmission line with AS-600 conductors; 2 is with a vertical arrangement of conductors; 3 represents a coaxial double-segment COHL; 4 is a coaxial four-segment COHL; 5 is a COHL with a delta arrangement of conductors; 6 is double coaxial COHL; 7 is a COHL with a parabolic arrangement of conductors; 8 is a COHL with a three-segment arrangement of conductors; 9 is a COHL with a concentric arrangement of conductors. 
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Figure 16. Negative-sequence unbalance ratios at 220 kV buses of TS 4—callout numbers correspond to those in Figure 15. 
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Figure 17. Power losses in the traction network of the middle inter-substation area—callout numbers correspond to those in Figure 15. 
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Figure 18. Power losses in the transmission line 1: callout numbers correspond to those of Figure 15. Total cross-sections of conductors differ slightly across all transmission lines. 
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Figure 19. Total harmonic distortion values at the 27.5 kV input of TS No. 4—callout numbers correspond to those in Figure 15. 
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Figure 20. Maximum total harmonic distortion values at 220 kV buses of TS No. 4—callout numbers correspond to those in Figure 15. 
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Figure 21. Maximum amplitudes of the electric field at the starting end of the transmission line 5—callout numbers correspond to those in Figure 15. 
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Figure 22. Maximums and mean values amplitudes of the magnetic field at the starting end of the transmission line 5—callout numbers correspond to those in Figure 15. 
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Figure 23. Coefficients of variation of amplitudes of electric field strengths:    k v  =  σ     E ¯    max      ;  σ  is the standard deviation;      E ¯    max     is the mean value of the EF amplitude—the callout numbers correspond to those of Figure 15. 
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Figure 24. Coefficients of variation of magnetic field amplitudes—the callout numbers correspond to those of Figure 15. 
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Table 1. Extreme values of parameters.
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	Transmission Line Design
	Umin, kV
	Max(k2U), %
	Max (ΔPTN), kW
	Max (ΔPTL), MW





	Standard power transmission line with AS-600 conductors
	16.73
	4.86
	1015
	1.18



	COHL with a vertical arrangement of conductors
	16.93
	3.43
	906
	1.37



	Coaxial two-segment COHL
	18.24
	2.1
	872
	1.18



	Coaxial four-segment COHL
	18.72
	1.6
	857
	1.14



	COHL with a delta arrangement of conductors
	18.41
	1.64
	872
	1.2



	Double coaxial COHL
	19.05
	1.55
	880
	1.22



	COHL with a parabolic arrangement of conductors
	18.21
	2.08
	871
	1.22



	COHL with a three-segment arrangement of conductors
	21.98
	1.02
	753
	0.81



	COHL with a concentric arrangement of conductors
	19.76
	1.37
	832
	0.88







Notes: Umin is the minimum voltage on the bow collector of the electric locomotive; k2U is the unbalance ratio at 220 kV buses of TS 4; ΔPTN represents power losses in the TN of the middle inter-substation area; 2; ΔPTL represents losses in the transmission line 1.
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Table 2. Maximum values of parameters.
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	Transmission Line Design
	kU220, %
	kU27.5, %
	Emax, kV/m
	Hmax, A/m





	Standard power transmission line with AS-600 conductors
	3.17
	39.74
	0.52
	2.39



	COHL with a vertical arrangement of conductors
	6.31
	40.14
	0.33
	0.94



	Coaxial two-segment COHL
	4.05
	33.19
	0.92
	0.66



	Coaxial four-segment COHL
	3.48
	31.13
	1.05
	0.25



	COHL with a delta arrangement of conductors
	3.92
	23.19
	1.21
	0.8



	Double coaxial COHL
	2.96
	29.8
	0.73
	1.2



	COHL with a parabolic arrangement of conductors
	4.64
	33.8
	1.21
	0.78



	COHL with a three-segment arrangement of conductors
	2.75
	23.19
	2.14
	0.55



	COHL with a concentric arrangement of conductors
	2.68
	27.87
	2.01
	0.22







Notes: kU220 is the harmonic distortion at 220 kV buses of TS 4, phase C; kU27.5 is the harmonic distortion at the 27.5 kV input of TS 4; Emax is the amplitude of the electric field strength; Hmax is the amplitude of the magnetic field strength.
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