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Abstract

:

The article discusses the selection of cables for power lines connecting wind turbine generators at the wind power plant. The screen cross-section of these cables should be selected considering the value of the screen current at double line-to-earth fault. To calculate this current, the dimensions of the cable should be known. However, these parameters are hidden and cannot be used during designing. Therefore, a highly simplified method is currently used in practice. It is shown that the errors from the highly simplified method are up to 33%. Authors propose a simplified method based on open data of cable manufacturers. The proposed method is compared with simulation results of a common model of cable power line and takes into account self and mutual inductances of the cores and screens. It is shown that the error of the proposed method is smaller than 4.0% for real cable power lines at wind power plants. However, for a long section of cable power line (2.5 km) the error of calculation might increase up to 6.3%. This allows us to use the proposed method for designing. In addition, the authors show how the results of the highly simplified method can be corrected to improve accuracy.
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1. Introduction


Recently, the number of wind power plants (WPPs) has been growing in the Integrated Power System of Ukraine (IPS), the European Network of Transmission System Operators for Electricity, electric utility systems of North America and other countries. This is due to the fact that at the state level, the so-called “green” generation, which uses renewable energy resources, is stimulated. Of particular interest to investors are powerful WPP, consisting of many individual wind turbine generators (WTGs) with a nameplate rating ranging from 1.5 MW to 5.5 MW. For this power, doubly-fed induction generators (DFIGs) with wound rotors are used. In Ukraine generally each WTG has a step-up transformer, which is a pad-mounted unit, to connect to a medium-voltage collector network operating at 10 kV to 35 kV. The collector network consists of one or several feeders. All WTGs are divided into groups connected to different feeders. Typically, WTGs are connected in series (Figure 1). All feeders are connected together at a collector system station. As a rule, a station can have one or more transformers which step-up voltage to the rated value of the interconnection point. If the station is not adjacent to the interconnection point, an interconnection transmission line is used.



To increase the generation of electrical energy, WTGs are positioned as high as possible. Modern generators are located at a height of more than 80 m with a distance between towers of more than 200 m, which requires a large area, which is mostly used for agricultural purposes. To be able to use the land for its intended purpose, a collector network is built with underground power lines, as a rule, with cross-linked polyethylene (XLPE) insulated cables.



Many articles are devoted to solving a large number of problems associated with the design of cable lines with XLPE insulation, but none of them consider the case in which cable lines connect several sources of electrical energy. This is especially the case with the short length of the cable line, which we observe on the territory of the WPP.



In [1], the ways of WTG control are considered to improve the transmission capacity of a low-voltage network during a voltage dip, and in [2] a WTG control system to reduce inter-area oscillations that can be formed during parallel operation of a WPP with a power system. However, the processes considered in [1,2] will also depend on the parameters of the cable line that connects the WTG.



The selection of cross-sections of cable core and optimization of the WPP network structure by various algorithms to minimize electrical energy losses are well described in [3,4,5,6,7,8]. The articles [9,10] also raise problems of minimizing power losses in electrical networks. In [11], methods of calculating the currents that can flow through the cable screen in normal mode are considered. In [12,13], it is proposed to identify the aging of cable insulation by currents in screens that are grounded on both sides. The article [14] also raises questions of fault identification. However, these articles do not discuss the task of selecting screen cross-section of the cable. Therefore, authors raised problems of correct calculation of faults current which helps to select screen cross-section of the cable. The results give the possibility to reduce the cost of the WPPs power network.




2. Description of the Problem


The selection of cross-sections of conductors of XLPE insulated cables and their screens should be carried out in accordance with the requirements of the existing regulatory documents [15,16]. The cross-section of the cable cores is selected according to the limiting continuous current of load in normal condition and is checked by the current in the post-fault condition and also checked by the thermal short-circuit strength. In Ukraine, Italy, Finland, the Russian Federation and other countries medium voltage power networks (10–35 kV) operate with isolated (undergrounded) or resonant grounded (using grounded-fault neutralizer) neutral. Using this neutral mode allows the network to continue operating after a line-to-earth fault, which increases reliability of power generation, but in some countries, operation of the network after a line-to-earth fault is unacceptable. In the article, we only considered networks where this operation is allowed.



As known, cables with XLPE insulation are very reliable, and a line-to-earth fault in networks built using this type of cable occurs most often in the cable joint (end) sleeve. In these networks during a line-to-earth fault the line-to-screen voltage increases to a line-to-line value. This fact increases the possibility of other faults. If a second line-to-earth fault occurs on one of the other phases of the cable line, much higher current will flow from line to line through the cable screen (interphase fault current through the cable screens or double line-to-earth fault current). Therefore, when choosing the cross-section of the cable screen, it is necessary to take into account the fault like this. Because the thermal effect of this current can damage the cable.



The line-to-earth faults rarely occur in cable but more often occur in the cable joint (or end) sleeve [17]. In the worst case, the double line-to-earth fault can occur simultaneously in the cable joint (or end) sleeve on the left and right side in different phases of one cable line section (between two WTGs). In this case, the current value will be the highest. Hereinafter we will call this current the double line-to-screen fault current.



Figure 2 shows a single-line diagram in the worst case when line-to-earth faults occur simultaneously on the left and right side in the cable line section between two WTGs.



We will assume that the screen of a three-core cable (or three single-core cables) is grounded on both sides. It should be noted that in the case of grounding the screens of three single-core cables on only one side, the entire double line-to-screen fault current will flow through the screen of only one core, which will require a significant increase in the cross-section of the screens. Therefore, this design is not used in practice.



The problem is that to select the screen cross-section of the cable you need to know the value of the screen fault current, but to calculate the current you need to know the screen cross-section impedance, which is not yet selected. Therefore, this problem is iterative and can be solved in two or more iterations steps:




	
In the first step, for the smallest possible screen cross-section (selected earlier), the value of double line-to-screen fault current is calculated and the required screen cross-section is selected again;



	
In the second step, for the selected screen cross-section, the updated value of double line-to-screen fault current    I k    is calculated and the selected cross-section is checked for thermal strength.








Condition to check is:


   I k  ≤  I  p e r m . s h o r t - c i r c u i t . s c r e e n   ( t )    



(1)




where    I  p e r m . s h o r t - c i r c u i t . s c r e e n   ( t )     is the value of the permissible short-circuit current of the screen with the duration of a clearance time.



This current is calculated under the assumption that during a fault the temperature of the cable screen must not exceed 350 °C. For this, cable manufacturers indicate the permissible one-second screen current    I  p e r m . s h o r t - c i r c u i t . s c r e e n    ( 1  s )     with the possibility of subsequent adjustment of its value for another short-circuit clearance time according to the formula [15,16]:


   I  p e r m . s h o r t - c i r c u i t . s c r e e n   ( t )   =    I  p e r m . s h o r t - c i r c u i t . s c r e e n   ( 1 s )      t     



(2)




where  t  is the maximum permissible short-circuit clearance time in seconds.



If the calculated permissible current of the cable screen    I  p e r m . s h o r t - c i r c u i t . s c r e e n   ( t )     is less than the value of    I k    (condition (1) is not satisfied), then it is necessary to select the larger screen(s) cross-section and repeat the second step.



It is necessary to repeat the second step until condition (1) is satisfied.



There is a problem for engineers to calculate current    I k    in this algorithm. To calculate the current, a full three-phase circuit of cable power line is needed. In this circuit, parameters such as alternating current (AC) resistance of cores (screens) and self and mutual inductance between core or other core (and screens) are applied. To calculate these parameters for the model we need to know dimensions of XLPE-cable layers (Figure A3) and geometry of the cable power line (Figure A4). However, the real dimensions of the cable layers are hidden for the engineers and they are not shown in the catalogs of cable manufacturers. So, it is difficult to use this calculation in real life. Therefore, engineers use a highly simplified method to calculate screen current. This method takes into account only sources which are located on the side of the interconnection point. This method provides acceptable results only for the case of low-power WPPs, but for high-power WPPs it leads to large errors. To avoid the negative effect of those errors, project engineers deliberately overestimate the cable cross-section using the expert method. As a result, the selected cross-section of the cable screen could be in several times larger than the required cross-section. This leads to an increase in the cost of the WPPs cable networks.



We propose a simplified calculation method and compare the calculations results with the existing methods. It should be noted that the proposed method uses open data of XLPE-cable manufacturers.




3. Methodology


We replace WTGs with equivalent sources, which have its own symmetrical three-phase fault power    S  k   l   ″     (or symmetrical three-phase fault current    I  k   l  ″   ) for generators on the left side and    S  k   r  ″    (or    I  k   r  ″   ) for generators on the right side (see Figure 3). It is possible because symmetrical three-phase fault power or current is known on the moment of selection screen cross-section. These sources have their own internal impedances    Z  k   l     and    Z  k   r    .



In the calculations, we will choose arbitrary phases in which faults occur. On the left side—in phase L2 (current    I k  (  L 2  )    )—and on the right side—in phase L3 (current    I k  (  L 3  )    ). Forasmuch the impedance of the cable copper screen is much less than the total grounding impedances of the two grounding devices, then in further considerations it is assumed that all the fault current flows through the cable screen.



As a rule, only the root mean square (RMS) values of symmetrical three-phase fault currents    |   I  k   l  ″   |    and    |   I  k   r  ″   |    are known, then, according to [18], the internal impedances can be calculated by the formulas:


       Z  k   l   =   c ⋅  U n     3   I  k   l  ″    =  r  k   l   + j  x  k   l   ;      Z  k   r   =   c ⋅  U n     3   I  k   r  ″    =  r  k   r   + j  x  k   r   ,    }   



(3)




where c—voltage factor;




	
   U n   —rated line voltage;



	
   r  k   l    ,    r  k   r    ,    x  k   l    ,    x  k   r    —equivalent resistive and imaginary impedances of the power sources on left and right side, and modulus of impedance of such sources according to the formulas:


       |   Z  k   l    |  =   c ⋅  U n     3  ⋅  |   I  k   l  ″   |    =    r  k   l  2  +  x  k l  2    =    r  k   l  2  +   (  n l  ⋅  x  k   l   )  2    =  r  k   l   ⋅   1 +  n    l  2    ;      |   Z  k   r    |  =   c ⋅  U n     3  ⋅  |   I  k   r  ″   |    =    r  k   r  2  +  x  k   r  2    =    r  k   r  2  +   (  n r  ⋅  x  k   r   )  2    =  r  k   r   ⋅   1 +  n    r  2    ,    }   



(4)




where    n l   ,    n r   —the ratio between the imaginary and resistive impedances of the left and right equivalent sources.








Using the ratio between the imaginary and resistive impedances, we can calculate the resistive impedances of the sources using the formulas:


       r  k   l   =    |   Z  k   l    |      1 +  n    l  2      ;      r  k   r   =    |   Z  k   r    |      1 +  n    r  2      ,    }   



(5)




and imaginary impedances as    x  k   l   =  r  k   l   ⋅  n l   ,    x  k   r   =  r  k   r   ⋅  n r   .



The above assumptions allowed us to obtain a three-phase equivalent circuit of the part of the electrical network between two WTGs (Figure 4). This circuit allows to calculate the double line-to-screen fault current    I k    which flows through the cable screen. In the figure, the impedance of the cable section is given by resistive    r  c o r e     and imaginary    x  c o r e     impedances of a cable core and resistive impedances of a cable screen resistances    r  s c r    . These parameters can be calculated from catalog data of cable manufacturers considering the length of the cable power line.



Equivalent sources have symmetrical phase electromotive force (EMF) of the positive sequence:


       E  l    L 1    =   c ⋅  U  n l      3    ⋅  e  j 0 °   ;  E  r    L 1     =   c ⋅  U  n r      3    ⋅  e  j ϕ °   ;      E  l    L 2    =   c ⋅  U  n l      3    ⋅  e  − j 120 °   ;  E  r    L 2     =   c ⋅  U  n r      3    ⋅  e  − j ( 120 − ϕ ) °   ;      E  l    L 3    =   c ⋅  U  n l      3    ⋅  e  j 120 °   ;  E  r    L 3     =   c ⋅  U  n r      3    ⋅  e  j ( 120 + ϕ ) °   ,    }   



(6)




where    U  n l    ,    U  n r    —line-to-line voltages of the left and right sources which are equal to the rated voltages of the network,    U  n l   =  U  n r   =  U n   ,  ϕ —the phase angle between phase EMF of the left and the right source.



The cable screen cross-section should be selected for the case of maximum current. As shown in Appendix A the current will be maximum if the phase angle is equal to zero, because in the next calculation the phase angle between phase EMF of the left and the right source is taken as equal to zero.



For single-core cables in which the screens are grounded on both sides, the screen impedance is equal to the equivalent impedance of the three screens of the cables connected in parallel,    r  s c r   / 3  .



The value of the double line-to-screen fault current in the circuit, shown on Figure 4, can be calculated by the mesh-current method [19].



Loop mesh-current equation for the equivalent circuit:


       I  11   ⋅ 2 ⋅ (  Z  k   l   +  Z  k   r   +  Z  c o r e   ) −  I  22   ⋅  Z  k   l   −  I  33   ⋅ (  Z  k   r   +  Z  c o r e   ) =  E  l    L 1    −  E  l    L 2    −  E  r    L 1    +  E  r    L 2    ;     −  I  11   ⋅  Z  k   l   +  I  22   ⋅ ( 2 ⋅  Z  k   l   +  Z  c o r e   +  r  s c r   ) −  I  33   ⋅  r  s c r   =  E  l    L 2     −  E  l    L 3    ;     −  I  11   ⋅ (  Z  k   r   +  Z  c o r e   ) −  I  22   ⋅  r  s c r   +  I  33   ⋅ ( 2 ⋅  Z  k   r   +  Z  c o r e   +  r  s c r   ) = −  E  r    L 2     +  E  r    L 3    .    }   



(7)







Double line-to-screen fault current, calculated by the formula:


   I k  (  L 2  ,  L 3  )   =  I  33   −  I  22   .  



(8)







In the case of using single-core cable in which cable screens are grounded on both sides, double line-to-screen fault current is calculated as:


   I  s c r    =  |   I k  (  L 2  ,  L 3  )    |  / 3 .  



(9)








4. Results of Analytical Calculation for Real WPP


For example, consider the real calculation of double line-to-screen fault current for the part of electrical network of Sivash WPP (which is located in the south of Ukraine) with total power 250 MW between two WTGs, where a cable 3×NA2XS(FL)2Y 1×400/35 (TELE-FONIKA Kable S.A., Myślenice, Poland) with XLPE insulation and length equal 0.42 km is used. This cable line has resistive and imaginary impedances of the cores    Z  c o r e   = 0.033 + j 0.046   Ω and resistive impedances of the screen    r  s c r   = 0.223 / 3   Ω. These parameters were taken from catalogs of the cable manufacturer [20].



We assume that EMFs in phases of equivalent circuit (Figure 4) is three-phase symmetrical   35 /  3    kV. Equivalent resistive and imaginary impedances of the sources were calculated from the known value of symmetrical three-phase fault current    I  k   l  ″    and    I  k   r  ″    by Equations (3)–(5). To simplify the calculations, it is assumed that the sources have only imaginary impedances    Z  k   l   = j 1.622   Ω and    Z  k   r   = j 8.3   Ω.



Solved loop mesh-current Equation (7) for the equivalent circuit are:


   {     I  11   = 0.02012 − j 0.01328      k A  ;      I  22   = − 10.61409 − j 0.40050      k A  ;      I  33   = 2.11053 + j 0.05431      k A  .      



(10)







Double line-to-screen fault current through three cable screens:


   I k  (  L 2  ,  L 3  )   = 12.72462 + j 0.45482      k A  ,  



(11)




and magnitude of current    I k  (  L 2  ,  L 3  )   = 12.73    k A  .   Double line-to-screen fault current through one cable screen calculated in Equation (9) equals to 4.24 kA.




5. Results Simulation in the MATLAB Simulink for Real WPP


The obtained analytical values of the double line-to-screen fault current were verified by modeling in the MATLAB Simulink R2015b (MathWorks, Natick, MA, USA) (see Figure 5) using a common model of cable power line. The model was built considering the mutual inductances of the cores and screens of the cable power line. The impedance of the grounding devices were taken to be 10 Ω. The internal structure of block “3 Cable with screen” is shown in Appendix B.



The parameters for the model of the cable power line with used cable type 3×NA2XS(FL)2Y 1×400/35 were obtained by formulas in Appendix C. For this type of cable dimensions (see Figure A3) are    d  o c   = 23.2   mm,    d  i s   = 42.2   mm,    d  o s   = 43.8   mm,    D  c a b l e   = 53.6   mm; self-resistances of core and screen conductor are    R c  = 0.07   Ω/km,    R s  = 0.5   Ω/km. For the earth resistivity    ρ e  = 100   Ω·m and frequency   f = 50   Hz, self- and mutual inductances were obtained:    L c  = 2.309   mH/km,    L s  = 2.134   mH/km,    L  c − s   = 2.135   mH/km,    L m  = 1.953   mH/km. These dimensions of the cable layers are not included in the catalogs of cable manufacturers, that is why they are not known to engineers. As a result, it is difficult to use this calculation in real life.



For the XLPE core-screen insulated (   ε  c − s   = 2.3  ) and PE screen-earth insulated (   ε  s − e   = 2.3  ) the capacitance between the core and screen    C  c − s   = 0.214 ⋅   10   − 6     F/km and capacitance between the screen and earth    C  s − e   = 0.634 ⋅   10   − 6     F/km.



Figure 5 shows that the currents in the three screens of cables during the double line-to-screen fault are 4.214 kA, 4.38 kA, 4.22 kA, which almost coincides with the value obtained analytically—4.24 kA. This confirms the adequacy of the proposed principle of analytical calculation of the current through the screen(s) of cables during a double line-to-earth fault. However, it is necessary to analyze in detail the error of calculation for other cable power lines parameters.




6. Results of Analysis of Calculation Accuracy of the Current


Here we analyze the accuracy of our simplified analytical method. We calculate the relative error from the simulation based on the common model of the power line as:


   δ  L i   =     I ′   s c r   ( L i )   −  I  s c r        I ′   s c r   ( L i )     ⋅ 100 %  



(12)




where     I ′   s c r   ( L i )    —cable screen currents in i-phase (L1, L2 and L3) obtained using the simulation in MATLAB Simulink;    I  s c r    —cable screen currents obtained using the proposed simplified analytical method.



Figure 6a shows the dependence of the error δ on cable screen cross-section from 16 to 35 mm2. The dependence was plotted for the cable mentioned above with length 1 km and core cross-section 400 mm2 and was added a range of error variation when changing length of cable line from 0.5 to 2.5 km. In the figure it is shown relative error of current calculation in screen L1 (red), L2 (blue) and L3 (green). From the figure it is seen that for the proposed simplified analytical method the error does not exceed 6.3% (this maximum value of error is for the case of the maximum cross-section of the cable screen which is applied in WPPs and maximum length). Generally, on the real WPPs the WTGs are located with distance from 0.5 to 1 km and the calculated cable screen cross-section of one line is 25 mm2. In this case of real WPPs the maximum error will be only 3.3%. However, the error can be different other core cable cross-sections.



Figure 6b shows the dependence of the error δ on cable core cross-section from 70 to 400 mm2. The dependence was plotted for above cable with length 1 km and cable screen cross-section 25 mm2 and was added a range of error variation when changing cable screen cross-section from 16 to 35 mm2. From the figure it is seen that the error almost does not depend on the cable core cross-section.



As we can see for real WPPs the error will be smaller than 4.0 %. This allows to apply the proposed principle of analytical calculation to calculate the maximum current in the screen of cable during a double line-to-earth fault.



Generally, it is difficult for engineers to consider all factors that influence the current. Additionally, the calculation becomes complicated if it takes into account sources on both sides. As a rule, real calculations are made ignoring the smaller power source (highly simplified method). Therefore, we conducted research on the error of this method.



The ratio of the symmetrical three-phase fault currents on the buses of each of the sources (WTGs)    I  k   l  ″    and    I  k   r  ″    has the greatest influence on the value of the calculated current. Analysis of the values of symmetrical three-phase fault currents on the buses of 10–35 kV electrical power networks in Ukraine (   I  k   l  ″   ) and similar fault currents on the buses of wind turbine groups (   I  k   r  ″   ) showed that the ratio of currents   k =  I  k   l  ″  /  I  k   r  ″    is within the range from 3 to 10. Therefore, we plotted the dependence of the ratio between the value of the calculated current obtained using the simulation in MATLAB Simulink and highly simplified method (with two and one source   n =  I  s c r   ( 2 s o u r c e )   /  I  s c r   ( 1 s o u r c e )    ) only for this range of  k  (Figure 7). Figure 7 also shows the domain in which  n  will change with the change in other parameters: the length of power line (from 0.5 to 2.5 km), cable screen cross-section (from 16 to 35 mm2) and cable core cross-section (from 70 to 400 mm2).



From the chart shown in Figure 7, it can be seen that the error of calculation will be in the range from 33 to 10 %. The domain of variability of  n  is narrow.



This indicates the need to take into account the second source when calculating the double line-to-screen fault current in order to further select the cable screen.



Based on the above, we can recommend to use the highly simplified method which takes in account only one source (the most powerful). However, the result of calculation should be multiplied on the ratio  n  from the chart in Figure 7. In this case engineers have to calculate the ratio of the symmetrical three-phase fault currents on the buses of each sources   k =  I  k   l  ″  /  I  k   r  ″    and use this value to find  n  from the chart in Figure 7.




7. Conclusions


The objective of this paper was to improve the accuracy of calculation the cross-section of cable screen in a medium voltage collector network with isolated neutral used in wind power plants. Currently in real setting a highly simplified method is used which leads to large errors. To avoid the negative effects of such errors, project engineers have to choose a larger cross-section of the cable screen using an expert method. Thus, the selected cross-section of the cable screen is often several times larger than the required cross-section. This leads to an increase in the cost of the WPPs cable networks.



The results obtained in this paper can be summarized as follows:




	
The simplified analytical method was proposed for calculating cable screen current during double line-to-earth fault on a cable line section of a medium voltage network with isolated neutral of a wind power plant. The advantage of the proposed method is that the method uses open data from catalogs of cable manufacturers. In contrast, the common model requires the dimensions of XLPE-cable layers which are hidden;



	
Results of calculation of the proposed simplified method were compared with the simulation results of a common model of cable power line that takes into account self- and mutual inductances of the cores and screens in different phases. It is shown that for parameters of the real WPPs (the length of section power line 0.5–2.5 km, cable screen cross-section 16–25 mm2 and cable core cross-section 70–400 mm2) the maximum error of the proposed method will be smaller than 4.0%. This allows to use the proposed method for design;



	
The analysis of calculation results of a highly simplified method (which is currently used in practice) shows that its relative error can be in the range from 10 to 33% from the common model simulation results. It was shown that the error of calculation is little dependent on the cable line parameter of the real WPPs (the length of section, screen and core cross-section of cable line) but the error is highly dependent on the ratio of the symmetrical three-phase fault currents on the left and right side of cable power line section. Therefore, to simplify the calculation in practice we obtained dependence which allows to correct the results of the highly simplified method. We recommend to use this method only with the correction according to Figure 7.
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Appendix A


To control the power supplied by the generator, the method of changing the angle of the generator EMF relative to the EMF of the external grid can be used. We analyzed the effect of the angle on the screen current during double line-to-screen fault.



Dependencies of the double line-to-screen fault current    I  s c r     from the phase angle  ϕ  between phase EMF of left and right sources are shown in Figure A1.





[image: Energies 14 03026 g0a1 550] 





Figure A1. Dependence of the double line-to-earth fault current through the cable screen(s)    I  s c r     from the phase angle φ between phase EMF of the left and the right sources (   U  n l   =  U  n r   = 35   kV;    I  k   l  ″  = 20   kA;    n l  = 10  ;    I  k   r  ″  = 2.4   kA;    n r  = 3  ;   F = 400   mm2;   l = 1   km). 






Figure A1. Dependence of the double line-to-earth fault current through the cable screen(s)    I  s c r     from the phase angle φ between phase EMF of the left and the right sources (   U  n l   =  U  n r   = 35   kV;    I  k   l  ″  = 20   kA;    n l  = 10  ;    I  k   r  ″  = 2.4   kA;    n r  = 3  ;   F = 400   mm2;   l = 1   km).
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Figure A1 shows that with an increase in the angle from 0 to 90 degrees, the current decreases. For other input parameters the shape of the curve will stay the same with the maximum at zero angle. This indicates that the calculation condition should be held for the angle equal to zero because the selection of cable screen cross-section should be done for case of maximum current.




Appendix B


In the MATLAB Simulink we created a model of cable power line with Mutual Inductance block (Figure A2). This model takes into account the mutual inductance between cores and screens with earth return, capacitance between core and screen and the screen and earth.
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Figure A2. Model of cable power line. 
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Parameters of model is given by:


   R =  [       R  c 1      0   0   0   0   0     0     R  s 1      0   0   0   0     0   0     R  c 2      0   0   0     0   0   0     R  s 2      0   0     0   0   0   0     R  c 3      0     0   0   0   0   0     R  s 3        ]    ;   L =  [       L  c 1        L  c 1 − s 1        L m       L m       L m       L m         L  c 1 − s 1        L  s 1        L m       L m       L m       L m         L m       L m       L  c 2        L  c 2 − s 2        L m       L m         L m       L m       L  c 2 − s 2        L  s 2        L m       L m         L m       L m       L m       L m       L  c 3        L  c 3 − s 3          L m       L m       L m       L m       L  c 3 − s 3        L  s 3        ]  ;   



(A1)






  C =  [       C  c 1 − s 1       −  C  c 1 − s 1      0   0   0   0      −  C  c 1 − s 1        C  s 1 − e      0   0   0   0     0   0     C  c 2 − s 2       −  C  c 2 − s 2      0   0     0   0    −  C  c 2 − s 2        C  s 2 − e      0   0     0   0   0   0     C  c 3 − s 3       −  C  c 3 − s 3        0   0   0   0    −  C  c 3 − s 3        C  s 3 − e        ]  .  



(A2)







The parameters of the model of cable line are obtained by formulas in Appendix C.




Appendix C


The appendix contains a description of the calculation of electrical cable power line parameters. To calculate these parameters, we have to know the geometric dimensions of the cable. Simplified image of the XLPE-cable structure is shown in Figure A3.
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Figure A3. Simplified image of the XLPE-cable layers structure. 
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However, real dimensions of the XLPE-cable layers are hidden for the engineers and are not included in the catalogs of cable manufacturers. So, it is difficult to use this calculation in real life.



The self-inductance of a cable core conductor can be obtained from the formula [21]:


   L c  =    μ 0    2 π   ⋅ ln  (    2  D  e r c      d  o c     +  1 4   )  ,  



(A3)




where    μ 0    is the permeability of free space (or air) equals to   4 π ⋅   10   − 4     H/km;    D  e r c     is the depth of equivalent earth return conductor is given by    D  e r c   = 658,87      ρ e   f      in meters;    ρ e    is the earth resistivity in Ω·m;  f  is the current frequency in Hz.



The self-inductance of a copper screen:


   L s  =    μ 0    2 π   ⋅ ln  (    2  D  e r c      d  o s     +  1 4  ⋅  (  1 −   2  d  i s  2     d  o s  2  −  d  i s  2    +   4  d  i s  4       (   d  o s  2  −  d  i s  2   )   2    ⋅ ln  (     d  o s      d  i s      )   )   )  .  



(A4)







The mutual inductance between core or screen with earth return, is given by:


   L  c − s   =    μ 0    2 π   ⋅ ln  (     D  e r c     G M D    )  ,  



(A5)




where GMD is the geometric mean distance between the two conductors, e.g., the GMD between the core and the screen of cable is given by:


  G M D =  1 2  ⋅  (   d  i s   +    d  o s   −  d  i s    2   )  .  



(A6)







To calculate mutual inductances, we should choose the type of three single-core cable layouts. In our case the trefoil formation layout is chosen (see Figure A4).
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Figure A4. Single-core cable in the trefoil formation. 






Figure A4. Single-core cable in the trefoil formation.



[image: Energies 14 03026 g0a4]





The mutual inductance between core and other core (core and screen) with earth return, is given by:


   L m  =    μ 0    2 π   ⋅ ln  (     D  e r c    D   )  ,  



(A7)




where  D  is the GMD between the centers of cables. For a trefoil formation cable power line   D =  D  c a b l e    .



The capacitance between the core and screen is given by:


   C  c − s   =   0.0556325 ⋅  ε  c − s     ln  (     d  i s      d  o c      )    ⋅   10   − 6   ,   F / km  



(A8)







Similarly, the capacitance between the screen and earth is given by:


   C  s − e   =   0.0556325 ⋅  ε  s − e     ln  (     D  c a b l e      d  o s      )    ⋅   10   − 6   ,   F / km  



(A9)




where    ε  c − s     and    ε  s − e     are the relative permittivities of core-to-screen and screen-to-earth insulation.
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Figure 1. Wind power plant topology. 
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Figure 2. Schematic single-line diagram from some section of the cable line, which connects two WTGs in a group. 
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Figure 3. Single-line calculation diagram with two points at which line-to-earth faults occur simultaneously. 
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Figure 4. Equivalent circuit of the part of electrical network between two WTGs to calculate the double line-to-screen fault current with given directions of the mesh-currents. 
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Figure 5. Model in MATLAB Simulink for calculating the current through the cables screen during a double line-to-earth fault in the case of cable lines laid with single-core cables in which the screens are grounded on both sides and taking into account two energy sources. 
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Figure 6. Dependences of the error δ on cross-section of cable screen (a) and cross-section of cable core (b) for three lines: L1 (red), L2 (blue) and L3 (green). 
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Figure 7. Dependence of the ratio between the value of the current obtained using the simulation in MATLAB Simulink and the value calculated using the highly simplified method on the ratio of the symmetrical three-phase fault currents on the buses of each sources (WTGs). 






Figure 7. Dependence of the ratio between the value of the current obtained using the simulation in MATLAB Simulink and the value calculated using the highly simplified method on the ratio of the symmetrical three-phase fault currents on the buses of each sources (WTGs).



[image: Energies 14 03026 g007]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
—

Core

©

Core 2

8

Core 3

screen 1 = ( Ej D Z) a screen 1
&, A Ok
screen 2 n [ Ej D c ] B screen 2 @
{6 > - | B < 12> Core 3
screen 3 Cecs1/2 — () O z) — Ces1/2_ scresan 3
a—) |+t Mutual Inductance a—) j+n—3
o) s ") -
—a %: —n |L——,-—_=
i1 i1
Csg1/2 T T ,.r Csg1/2_ T T T

I_T_T

_L_

el





media/file18.png
3 Cables with screen

Source 1 (PI model with mutual inductances)
e - 8| Core 1 Core 1|&0—— 8|+ '
35KV - 50Hz line 1s1 . P line 12
- | 8 screen 1 screen 1 [B——
B, i screen 1 | \ |__
- = @ Core 2 Core 2|m | I
ine 251 A line 252
-|= 8 screen 2 screen 2 |&
= 0 screen 2 _
ot e 8 Core 3 Core 3|m ={+ 'F W
line 3s1 ‘ - line 3s3
L’ ——— - |= 8 screen 3 screen 3 |&
RMS | 24 29' screen 3
o
RMS6  Core current L1_S1 L » RMS _'| 4214
L RMS 1.065¢+04 R1=10 Ohm RMS Screen current L1 R2=10 Ohm
RMS7  Core current L2_S1 —» RMS —hl 4380]
L’ RMS Lpl|  1:067e+04 I RMS1 Screen current L2 I
RMS8  Core current L3_S1 — » RMS —>| 4220| — )
Continuous
RMS2 Screen current L3

powergui

Source 2
35kV - 50Hz
RMS | 24.29
RMS3 Core current L1_S2
ams bl 2117|
RMS4  Core current L2_S2
rus bl 2097|
RMS5 Core current L3_S2






media/file21.jpg
7

|
88 8 % 3

(amornl | @aumosgy] =4

4





media/file3.jpg
e ] o
= ,,_n“ i{ }f T % i{ E T ey
o o T 1 — T =i e 1
s [[[ o= I m.cnw_ —
e st || 251
ke [l
Lo T L*"‘l‘l
ezt 1 L e T
__i __i





media/file22.png
I
—

y/

1.35

o wn o wn
™M N N -
— ~ — —

A0S dOSy
QE:%CN / ?ug:cmmvN =

o
i
—

1.05

10

k=121 /];:r





media/file19.jpg
ST TS

o —

P

@






media/file7.jpg





media/file10.png
Connection

to the grid (‘

Interconnection

Transmission Line
~
Y- <
’/
Collector Syste/mv >
Substation (~)
e (>
& © >

()
()

c@
“a\

Individual WTGs

S ()

S

S
AN

+— Underground
Power Line

Group of WTGs





media/file14.png
I ZkS/i’:OO:
| = 00 ' [ !
| ki Zk[ | L [l! I |
! ! ’ P !
' > | _ﬁ_—————————-—: ————— J_ | I(L-z,) :
’) | | k
: o L 7(Lo.L5) L





media/file11.jpg
cable line

Cable Sereen

cable joint siceve
grounding device —

Generators on left side Generators on right side





media/file6.png
PE or PVC
sheath

— outer diameter of core conductor
FAFAFAL — inner diameter of copper screen
oc| is|%os| Zeable  _ guter diameter of copper screen

— outer diameter of cable
PE or PVC sheath — polyethylene or polyvinyl chloride sheath

XLPE
XLPE insulation — cross-linked polyethylene insulation

insulation

screen





media/file15.jpg





nav.xhtml


  energies-14-03026


  
    		
      energies-14-03026
    


  




  





media/file16.png
E[ L, rk. [ xk / F core xc:ore kr 4 5

E
[L, rA [ xk / rcme xcore rk} xk r rL,
R - ,,. AR
\__/ \__/
122 1“ QD
E
3 rls! xk! co:e COIE’ rl\ r ’ LB
(/) )





media/file2.png
S 56

1.9(‘!‘ b

[—for screen 25 mm? === for screen 16 mm?2 === for screen 35 mrn2]






media/file20.png
|—— for screen L4 for screen L, for screen L3

7

2
scp s MM

(a)

|—— for screen Ly == for screen L, ===for screen L3

-

b

(b)

T | I |
. —_-T-— B 4 L N-
[ T T T
100 200 300 400
F ., mm?





media/file5.jpg
— outer diameter of core conductor
~inner diamete of copper screen

~outer diameter of copper screen

~ outer diamer of cable

PE or PVC sheath - polyethylene or polyvinyl chloride sheath
XLPE insulation  crosslinked polyethylene insulation

Deae

2






media/file1.jpg
10

[ fersareen T —Tor seren oo = far e ]

20 30

70





media/file12.png
WTG; WTG;

@@/—i _______ — i O )

cable screen |

iadl grounding device — 7 ™—

cable joint sleeve

Generators on left side Generators on right side





media/file9.jpg
&N\

Individual WTGs

Interconnection

Connection ‘Transmission Line

to the grid

|« Underground
Power Line

Collector Sfstem
Substation

Group of WTGs





media/file0.png





media/file8.png





media/file17.jpg





