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Abstract

:

The number of high-voltage parallel cables is rapidly increasing. The alternating magnetic field generated by the working current of power cable cores induces voltage in the adjacent metal sheath; if the sheath and earth form a circuit, the metal sheath will create a circulating current, resulting in a reduction in the load capacity of power cable and the life of cable insulation. This paper uses MATLAB to construct a model for calculating the circulating current of cables connected in parallel in the same phase, and the effects of cable arrangement, phase sequence, and loop distance of cables connected in parallel on the sheath circulating current are investigated. The induced voltage in power cable sheaths is decomposed into two components, i.e., the component resulting from the core current and the component resulting from the metal sheath. Two new sheath connection methods are proposed to suppress the sheath circulating current. Compared with traditional cross-connection grounding, the proposed methods can reduce the coupling degree between loops, thus decreasing the induced voltage and circulating current. The different grounding methods of the sheath are modeled in the environment of an electromagnetic transient program (EMTP), and the sheath circulating current is simulated and compared with the conventional cross-connection grounding method. In the asymmetric arrangement, the proposed series connection method can reduce the sheath circulating current by at least 50%; however, its increases the sheath circulating current in the symmetric arrangement.
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1. Introduction


In order to meet the growing demand for electricity, it is often necessary to relocate or rebuild overhead lines, especially in urban areas. To address this issue, overhead lines are gradually replaced by power cables that have higher reliability, lower maintenance, and reduced cost. More importantly, they are not limited by urban land restrictions. The new cables are often installed in tunnels and share the same tunnel with the existing lines in order to save on costs. Multiple cables are connected in parallel to enhance the transmission capacity. As the demand for urban loads grows, parallel cables are increasingly popular [1,2,3]. Several projects have been implemented in China, e.g., the 220 kV double-circuit power cable between the Baoan Substation and Fenjin Substation (Anfen) in Shengzhen. Parallel cables are increasingly popular in electric power system, especially in urban areas [4].



The use of cables connected in parallel will lead to many problems. For instance, it requires the structure of the power cable tunnel to be more complex, and the practice enhances the electromagnetic coupling between different cable loops. Although the parameters of power cables are almost the same, the current is often non-uniformly distributed amongst each individual circuit. This will give rise to additional power losses, overloading, etc. Although overloading is of great importance, it is usually undetectable since the current transformer often monitors the total line current instead of the individual circuit current. The impacts of load current, loop distance, line segment length, grounding resistance, and grounding method on the current distribution have been extensively discussed [1,5,6,7,8,9,10,11]. IEC 60287 presented a theoretical to predict the current distribution between parallel cables. A general current distribution prediction method is proposed for multiphase distribution systems, and the proposed method is experimentally validated [7]. The analytical technique to predict the induced sheath voltage in metal sheaths of underground cables and overhead lines is overviewed in [12]. The influences of harmonic content on the current distribution of cables connected in parallel are investigated in [13]. The induced voltage of underground and rail cable are modelled in [14] and [15]. In order to deal with the current distribution installed on a metal tray, a general method for calculating the current distribution in a multiphase cable distribution system is developed [16]. The skin and proximity phenomena cannot be neglected as doing so will affect the current density distribution in multi-strand cables significantly [17].



When a high-voltage single-core power cable is under normal operation, the load current flowing cable core will generate an alternating magnetic field and induce voltage in the metal sheath through electromagnetic coupling. If the metal sheath and earth form a loop, i.e., the metal sheath is grounded at its ends, a circulating current will be produced along the sheath. This result not only generates power losses but also leads to a temperature rise and hence accelerates cable insulation ageing and affects cable capacity [18,19,20]. In addition to the uneven cable core current distribution, the parallel cables may also lead to additional sheath circulating currents. The cross-connection sheaths produce a returning path of fault current and also restrain the overvoltage in a transient state. Various metal sheath connection methods are described in the associated IEEE guidelines or in technical report of the International Council on Large Electric Systems (CIGRE). The use of mathematical models to compute the induced voltage and current in cable sheaths is also recommended. The grounding method of cable sheaths at a single point or at both ends is normally applied to minimize the induced voltage along the cable sheaths in short-cable systems. However, little attention has been paid to the multi-cable case. There is a lack of research on the problems involved in laying three or even higher number of high-voltage cable loops. Several methods have been proposed to alleviate the circuiting current, such as the use of a series resistor or inductor. A computational model for predicting the circulating current along the metal sheath under the cross-connection condition is developed in [21,22]. However, the above methods mainly deal with the single-loop case, and do not take into account the coupling effect between cable loops. The effect of the core current of other adjacent cables is not included, and the existing methods are no longer applicable to multiple cables connected in parallel.



To limit the circulating current in a metal sheath, the cables generally adopt the grounding method of cross-connection. A finite element method for calculating the cable temperature field and cable capacity has been studied and the results show that an increase in sheath circulating current will lead to an increase in cable temperature. In this paper, the induced voltage of metal sheath is firstly divided into two components; then, three new connection methods for metal sheath are proposed. Their performance in suppressing the sheath circulating current is comprehensively discussed. This paper is organized as follows: Section 2 is dedicated to the mathematical model of cables connected in parallel. A set of simulations have been performed in Section 3. Three new methods for suppressing sheath circulating current are presented and compared with each other in Section 4. The Conclusions are drawn in Section 5.




2. Modeling of Power Cable Connected in Parallel


The schematic diagram for two sub-cables of phase A is depicted in Figure 1. When the cable sheath is grounded in multiple points, a circuit is formed through the grounding point, and the current will flow through the metal sheath of cross-linked polyethylene power cable [1,16].



For the double-loop cable core and sheath, there are a total of 12 conductors. Based on the geometrical parameters of cable and the distances between two cables, the matrix U, which represents the voltage drops of conductor, can be obtained by


  U = Z I  



(1)




where I is the current matrix and Z is the cable impedance matrix. The four types of elements of Z can be calculated as follows.



The self-impedance of cable core [6]:


   Z  c c   =  r c  +  r e  + j 0.1445 log    D e     d  G M R c      



(2)







The self-impedance of metal sheath [6]:


   Z  s s   =  r s  +  r e  + j 0.1445 log    D e     d  G M R s      



(3)







The mutual impedance between cable core and metal sheath [6]:


   Z  s c   =  r e  + j 0.1445 log    D e     d  G M R s      



(4)







Other mutual impedance [6]:


   Z  s c   =  r e  + j 0.1445 log    D e   D   



(5)




where    r c    is the alternating current (AC) resistance of cable core,    r s    is the AC resistance of sheath,    r e    is the equivalent resistance of earth,    D e    is the equivalent depth of earth,    d  GMRc     is the geometric mean distance of core,    d  G M R s     is the geometric radius of sheath and  D  is the spacing between the cables.



Taking the double circuits as an example, if the sheath is cross-connected, and the two ends are grounded, Equation (1) can be rewritten as:


  U = Z  |       I  c a 1          I  c b 1          I  c c 1        ⋮       I  s a 2          I  s b 2          I  s c 2        |  =  |       Z  C 1 C 1        Z  C 1 C 12        Z  C 1 S 1        Z  C 1 S 2          Z  C 2 C 1        Z  C 2 C 2        Z  S 2 S 1        Z  C 2 S 2          Z  C 2 S 1        Z  C 1 S 2        Z  S 1 S 1        Z  S 1 S 2          Z  C 2 S 1        Z  C 2 S 2        Z  S 2 S 1        Z  S 2 S 2        |   |       I  c a 1          I  c b 1          I  c c 1        ⋮       I  s a 2          I  s b 2          I  s c 2        |   



(6)




where the 12-order impedance matrix Z is divided into 16 block matrices, each of which is a 3-order matrix, and the subscripts C1, S1, C2 and S2 of block matrix are the core of the 1st loop cable, the sheath of the 1st loop cable, the core of the 2nd loop cable, and the sheath of the 2nd loop cable, respectively.



According to Kirchhoff’s current law, the sum of each sub-cable core current is equal to the total current.


   {       I  c a   =   ∑   i = 1  n   I  c a i          I  c b   =   ∑   i = 1  n   I  c b i          I  c c   =   ∑   i = 1  n   I  c c i          



(7)




where    I  c a    ,    I  c b     and    I  c c     are the current of each phase, and    I  c a i     is the current of sub-cable i in A phase.    I  c b i     and    I  c c i     are similar to    I  c a i    .


   {      Δ  U  c a 1   = Δ  U  c a 2   = ⋯ Δ  U  c a n         Δ  U  c b 1   = Δ  U  c b 2   = ⋯ Δ  U  c b n         Δ  U  c c 1   = Δ  U  c c 2   = ⋯ Δ  U  c c n          



(8)




where   Δ  U  c a n     is the voltage drop of sub-cable n in A phase. Obviously, the voltage drops of the sub-cable cores of each phase are all the same.



When the metal sheath is grounded at two ends, it is easy to obtain


  Δ  U  s a 1   = Δ  U  s b 1   = Δ  U  s c 1   =  (   I  s a 1   +  I  s b 1   +  I  s c 1    )   R G   



(9)




where    I  s a 1    ,    I  s b 1     and      I  s c 1     are sheath circulating current of three phases, respectively, and    R G    is the grounding resistance. Substituting Equation (9) into Equation (6) will yield six equations, and their matrix form is depicted as


   |       Z  C 1 S 1        Z  C 1 S 1        Z  S 1 S 1   −  R G       Z  S 1 S 1   −  R G         Z  C 2 S 1        Z  C 2 S 2        Z  S 2 S 2   −  R G       Z  S 2 S 2   −  R G       |   |       I  c a 1          I  c b 1          I  c c 1        ⋮       I  s a 2          I  s b 2          I  s c 2        |  =  |     0     0     0     0     0     0     |   



(10)




where    R G    is a third-order matrix, each element of which is equal to    R G   .



Combined with Equations (7) and (8), the remaining six equations can be obtained as:


   |       Z  C 1 C 1   −  Z  C 2 C 2        Z  C 1 C 1   −  Z  C 2 C 2        Z  C 1 S 1   −  Z  C 2 S 2        Z  C 1 S 1   −  Z  C 2 S 2        E   E   0   0     |   |       I  c a 1          I  c b 1          I  c c 1        ⋮       I  s a 2          I  s b 2          I  s c 2        |  =  |     0     0     0       I  c a          I  c b          I  c c        |   



(11)




where  E  is a 3-order unit matrix and  0  is a 3-order zeros matrix. Equations (10) and (11) contain a total of 12 equations, and then the 12 current variables can be calculated.



ε is often used to characterize the uniformity of core current distribution in parallel cables, and its calculation formula is


  ε =  I  m a x   /  I  m i n    



(12)




where Imax and Imin are the maximum and minimum absolute value of core current in each sub-cable of parallel cables.




3. Simulation of Parallel Cable


As shown in Figure 2, the rated voltage of power cables is 220 kV, the cross-sectional area is 2000 mm2, and the total length is 1.5 km. The detailed geometric parameters of selected power cable YJLW03 are listed in Table 1. Here, the soil resistivity is 100 Ω·m, the metal sheath of power cable is under cross-connection, and the total load current is set to 2000 A.



The arrangement of parallel cable is a key factor influencing the current distribution of cables and the circulating current of metal sheaths. Two common formations are introduced in IEEE Standard 575, i.e., the flat horizontal formation and the triangular formation. In terms of the cables connected in parallel, four typical arrangements are considered in this paper, and their structures are depicted in Figure 3.



Phase spacing is the spacing between the geometric center of adjacent cables in a single loop. When double-loop cables are in a flat arrangement, the loop spacing is the spacing between the geometric center of the closest cables in a double loop, as shown in Figure 3a,c. When double-loop cables are in a vertical arrangement, the loop spacing is the spacing between the brackets, as shown in Figure 3b,d.



When the phase sequence of each loop is separate, there are various phase sequence combinations. Each arrangement of a phase sequence is written in the form of 123–456, as defined in Figure 4.



As show in Figure 5, the phase sequence of flat horizontal arrangement is ABC-cba; the flat vertical arrangement has two phase sequences, i.e., ABC-abc and ABC-cba; and the phase sequence of triangle horizontal arrangement is ABC-acb. All the double cable loops are symmetrical in space.



3.1. Phase Current Distribution


The single-loop cable containing only 3 cables has a total of    A 3 2  = 6   phase sequence combination. The double-loop cable is regarded as two single-loop cables. As shown in Figure 4, it has    A 3 2    ∗    A 3 2    = 36 phase sequence combinations. Due to the symmetry, only six phase sequences need to be calculated for a particular arrangement. When the phase sequence of the first loop is fixed as ABC and the phase sequence of the second loop is abc, bca, cab, acb, cba, and bac, respectively, the core current of parallel cable can be calculated. The simulation results of cable core current are listed in Table 2 and Table 3.



The non-uniformity coefficient of cable core current is depicted in Figure 6. In the case of triangular vertical arrangement, the current is almost uniformly distributed between the six conductors. The maximum non-uniformity coefficient is only 1.0426 for abc and acb, and the minimum non-uniformity coefficient is 1.0186 for cab. In terms of flat vertical arrangement, the non-uniformity coefficient varies greatly. If the phase sequence of the second loop is acb or bac, both the non-uniformity coefficients are 1.2534. When the space between three-phase cables is very small, the electromagnetic coupling between the two loops connected in parallel is relatively small, and hence the mutual impedance is enhanced. However, the phase sequence has a greater impact on the current distribution under the flat vertical arrangement. From Equations (2)–(5), it can be seen that, if the mutual impedance of sub-cables of each phase with other cables is equal, the cable core current will be ideally symmetrical.




3.2. Circulating Current Distribution


If the cables are symmetrical in space, the core current of each cable is distributed in a balanced manner. Core current and sheath circulating current can be solved according to Equations (10) and (11). The phase sequences can affect the impedance matrix elements in Equations (10) and (11), causing core current and sheath circulating current to have different simulation results under different phase sequences. The sheath circulating current of parallel cables with different phase sequences under four grounding methods has been calculated. For each grounding method, the corresponding maximum and minimum sheath circulating current, which indicate the worst and best case for circulating current suppression, respectively, were selected from these simulation results. The maximum and minimum values of each arrangement of simulated sheath circulating currents are listed in Table 4.



From Table 4, it can be seen that the phase sequence has a great impact on the circulating current of metal sheath. The maximum value is about 6 times the size of the minimum value. In the case of triangle horizontal arrangement, the difference between the maximum value and the minimum value is the smallest.



It can be seen from Figure 3 that the cable spacing D in Equation (5) is decided by phase spacing and loop spacing. Therefore, the circulating current is influenced by phase spacing and loop spacing. The influence is computed, as plotted in Figure 7. Here, parallel cables are under triangular horizontal arrangement and triangle vertical arrangement.



As the phase spacing increases, the sheath circulating current increases remarkably. As the loop spacing increases, the sheath circulating current declines remarkably. Generally, the loop spacing of triangular horizontal arrangement is larger than that of triangular vertical arrangement. The loop spacing of flat horizontal arrangement is large, meaning that it can effectively reduce the sheath circulating current. Clearly, phase spacing has a greater impact on the sheath circulating current than loop spacing.





4. Comparison of Methods for Suppressing Sheath Circulating Current


The topologies of four metal sheath connection methods are depicted in Figure 8. Scheme 1 is the traditional cross-connection method. For scheme 1, each cable is divided into 6 equal sections and the two ends of the sheath are grounded. For scheme 2, each cable is divided into 6 equal sections, the metal sheaths of the double loops are crossconnected, and the two ends of the sheath are grounded. For scheme 3, each cable is divided into 3 equal sections, and the ends of the sheath from the same loop are linked. In order to reduce the number of cross-connected boxes, scheme 2 can be simplified to scheme 4, in which each cable is divided into 4 sections, and both its first section and fourth section take 1/3 of the total length, whereas both the second section and third section take 1/6 of the total length, and the sheaths of double loops are crossly connected.



When applied in the field test, scheme 2 and scheme 3 are created by changing the connection method of cross-connection box and grounding box, respectively.



The simulated core currents of parallel cable with flat and triangle vertical arrangements in scheme 2 are listed in Table 5 and Table 6, respectively. In the case of flat vertical arrangement, which occurs when the phase sequence is bac and acb, the maximum non-uniformity coefficient is 1.2341,. In the case of a triangular arrangement, which occurs when the phase sequence is abc and acb, it is 1.0985.



In addition, the core current is affected by the grounding methods, and the non-uniformity coefficient for parallel cable is plotted in Figure 9.



In scheme 1, the induced voltage in the sheath can be divided into two components, i.e., the component induced by the cable core current, and the component induced by the metal sheath current. The equivalent circuit for a single-loop sheath in double parallel cables is shown in Figure 10.



Theoretically, if the length of the cross-connection sections is the same and the core currents of each phase are balanced, U1, U2 and U3 are approximately equal to 0 and the phase and magnitudes of U1′, U2′ and U3′ are equal. The circulating current is determined by the total induced voltage in the sheath circuit and the total impedance of the circuit. Reducing the induced voltage and increasing the loop impedance is an effective approach with which to suppress the sheath circulating current.



Figure 10 is the equivalent circuit of the sheath. Generally, U1″ is larger than U1 and U1′, U2″ is larger than U2 and U2′, and U3″ is larger than U3 and U3′. Thus, the induced voltage by the sheath circulating current of the other loop, such as U1″, U2″ and U3″, can generate a large circulating current. The lower the coupling degree of each cable sheath is, the lower the values of U1″, U2″ and U3″ will be. In order to study the principle of scheme 3 to suppress the sheath circulating current, the core current and sheath circulating current of parallel cable under triangular horizontal arrangement are listed in Table 7.



In scheme 3, the circulating current is significantly reduced in all phase sequences, except for the symmetrical phase sequence ABC-acb, and the circulating current is reduced by up to 75% in the case of ABC-abc phase sequence. When the asymmetrical parallel cables adopt scheme 3, each loop only has one sheath circuit and the direction of Is2 is opposite to Is1 and Is3. At this time, the coupling between the sheaths of different cable loops is reduced, which makes the coupling between U1″, U2″ and U3″ lower than that in scheme 1.



From Table 7, in scheme 1, the optimal phase sequence under triangular horizontal arrangement is ABC-acb, and U1′ and U1″, U2′ and U2″, and U3′ and U3″ are arranged in the opposite direction in the same loop. Since the ABC-acb phase sequence is spatially symmetrical, their phase and magnitude of circulating currents are equal in two sheath loops, respectively, which makes them mutually suppressed.



As shown in Figure 11, each sheath circuit consists of the sheaths of all parallel cables in scheme 3. The impedance matrix of parallel cable in scheme 3 is derived from the transfomation impedance matrix in scheme 1. When the parallel cable adopts scheme 3, its impedance matrix is symmetrical even though the arrangement of parallel cables is asymmetric. The coupling between the sheaths will suppress the circulating current.



To verify the proposed method, simulations are performed for each phase sequence under the triangular horizontal arrangement. The circulating currents of the metal sheaths are shown in Table 8.



The circulating current of sheath in scheme 2 is remarkably smaller than that in scheme 1, and the phase and magnitude of open-circuit voltage in three circuits are equal, respectively, whether the core currents of each sub-cable are equal or unequal. The circulating currents of parallel cables in schemes 1 and 2 under symmetrical arrangement are equal. When the sheath circulating current is significantly reduced, the shielding effect of the sheath on the core is weakened and the core current distribution under this situation will be very close to that under one-end grounding situation. Hence, if the non-uniformity coefficient ε under one-end grounding situation is lower than 1.2, scheme 2 can be applied to parallel cable.




5. Conclusions


The following conclusions can be drawn:




	
We have established the calculation model for the circulating current of double cables. The calculation result indicates that the core current distribution is considerably different depending on the arrangement used. As the phase spacing increases, the sheath circulating current increases remarkably. As the loop spacing increases, the sheath circulating current declines remarkably.



	
Since the coupling between the sheaths of different cable loops is reduced, the method of cross-connection between the loop can reduce the sheath current significantly. Moreover, compared to the former, the method of sheath linking in series is more effective due to the higher decoupling effect generated by this technique.



	
For the method of cross-connection between the loop, the core current distribution in parallel cables is similar to that obtained by using a one-end grounding method. The method of cross-connection between the loop can only be applied in the situation that the non-uniformity coefficient of parallel cable is lower than 1.2.
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Figure 1. Schematic diagram of current distribution for cables connected in parallel. Note:    I  C A n     is the core current of sub-cable n of phase A,    I  SAn     is the metal sheath current of sub-cables n of phase A,  D  is the distance between the geometric center of two cables. 
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Figure 2. Cross-sectional structure of cable YJLW03. 
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Figure 3. Typical arrangements of parallel cables. (a) Flat horizontal arrangement, (b) flat vertical arrangement, (c) triangle horizontal arrangement, (d) triangle vertical arrangement. 
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Figure 4. The number of parallel cables. (a) Flat horizontal arrangement, (b) flat vertical arrangement, (c) triangle horizontal arrangement, (d) triangle vertical arrangement. 
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Figure 5. Symmetrical distribution of double parallel cables. (a) flat horizontal arrangement, (b) flat vertical arrangement, (c) triangle horizontal arrangement. 
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Figure 6. Non-uniformity coefficient of current distribution. 
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Figure 7. Distribution of circulating current. (a) Circulating current versus phase spacing; (b) circulating current versus loop spacing. 
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Figure 8. Topology diagram of grounding methods. (a) Scheme 1, (b) Scheme 2, (c) Scheme 3, (d) Scheme 4. 
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Figure 9. Effect of grounding method on core current as well as non-uniformity coefficient. Here, I denotes scheme 1 under triangular vertical arrangement; II denotes scheme 2 under triangular vertical arrangement; III denotes one-end grounding method under triangular vertical arrangement; IV denotes scheme 1 under flat vertical arrangement; V denotes scheme 2 under flat vertical arrangement; VI denotes one-end grounding method under flat vertical arrangement. 
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Figure 10. Equivalent circuit for sheath of single loop in double parallel cables. Note: Is1, Is2 and Is3 are the sheath circulating currents: U1, U2 and U3 are the induced voltages from the core currents of loop itself; U1′, U2′ and U3′ are the induced voltages from the core current of the other loop; U1″, U2″ and U3″ are the induced voltage from the sheath circulating current of the other loop; RG1, RG2 are the grounding resistances; Re is the equivalent resistance of earth. 
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Figure 11. Equivalent circuit of scheme 3. 
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Table 1. Geometric parameters of cable YJLW03.






Table 1. Geometric parameters of cable YJLW03.





	Cable
	Thickness (mm)
	Width (mm)





	Cable core
	54.4
	54.4



	Metal sheath
	2.9
	136.7



	Cable jacket
	5.0
	146.7
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Table 2. Load current distribution for parallel cables under flat vertical arrangement.






Table 2. Load current distribution for parallel cables under flat vertical arrangement.





	
Phase Sequence

	
Phase

	
Core Current (A)

	
ε






	
abc

	
A1

	
1000.00

	
1




	
A2

	
1000.00




	
B1

	
1000.00




	
B2

	
1000.00




	
C1

	
1000.00




	
C2

	
1000.00




	
bca

	
A1

	
1023.07

	
1.2343




	
A2

	
1013.70




	
B1

	
1094.82




	
B2

	
905.18




	
C1

	
895.50




	
C2

	
1105.30




	
cab

	
A1

	
905.18

	
1.2343




	
A2

	
1094.82




	
B1

	
1105.3




	
B2

	
895.5




	
C1

	
1013.7




	
C2

	
1023.07




	
acb

	
A1

	
1012.27

	
1.2599




	
A2

	
997.14




	
B1

	
1123.29




	
B2

	
891.55




	
C1

	
897.6




	
C2

	
1125.21




	
cba

	
A1

	
1000.00

	
1




	
A2

	
1000.00




	
B1

	
1000.00




	
B2

	
1000.00




	
C1

	
1000.00




	
C2

	
1000.00




	
bac

	
A1

	
891.55

	
1.2599




	
A2

	
1123.3




	
B1

	
1125.21




	
B2

	
897.6




	
C1

	
997.14




	
C2

	
1012.27
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Table 3. Load current distribution for parallel cables under triangle vertical arrangement.
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Phase Sequence

	
Phase

	
Core Current (A)

	
ε






	
abc

	
A1

	
982.04

	
1.0426




	
A2

	
1018.18




	
B1

	
995.28




	
B2

	
1005.17




	
C1

	
1020.86




	
C2

	
979.18




	
bca

	
A1

	
1007.20

	
1.0319




	
A2

	
992.83




	
B1

	
984.94




	
B2

	
1015.12




	
C1

	
1006.92




	
C2

	
993.14




	
cab

	
A1

	
991.70

	
1.0186




	
A2

	
1008.30




	
B1

	
1009.25




	
B2

	
990.80




	
C1

	
995.64




	
C2

	
1004.62




	
acb

	
A1

	
982.04

	
1.0426




	
A2

	
1018.18




	
B1

	
995.28




	
B2

	
1005.17




	
C1

	
1020.86




	
C2

	
979.18




	
cba

	
A1

	
990.53

	
1.0197




	
A2

	
1010.00




	
B1

	
1008.51




	
B2

	
991.70




	
C1

	
995.12




	
C2

	
1006.35




	
bac

	
A1

	
1008.60

	
1.0252




	
A2

	
991.67




	
B1

	
986.04




	
B2

	
1014.85




	
C1

	
1008.76




	
C2

	
992.13
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Table 4. Maximum and minimum circulating currents.






Table 4. Maximum and minimum circulating currents.





	Grounding Method
	Case I
	Case II
	Case III
	Case IV





	Maximum circulating current
	56.66
	37.85
	14.57
	35.92



	Phase sequence
	ABC-bca
	ABC-bca
	ABC-abc
	ABC-abc



	Minimum circulating current
	8.93
	6.92
	7.12
	18.53



	Phase sequence
	ABC-cba
	ABC-abc
	ABC-bca
	ABC-bca
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Table 5. Core current of parallel cables with flat vertical arrangement in scheme 2.
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Phase Sequence

	
Phase

	
Core Current (A)

	
ε






	
abc

	
A1

	
1000.00

	
1




	
A2

	
1000.00




	
B1

	
1000.00




	
B2

	
1000.00




	
C1

	
1000.00




	
C2

	
1000.00




	
bca

	
A1

	
1014.88

	
1.1845




	
A2

	
1029.26




	
B1

	
1084.70




	
B2

	
915.74




	
C1

	
918.1




	
C2

	
1082.63




	
cab

	
A1

	
915.73

	
1.1845




	
A2

	
1084.70




	
B1

	
1082.63




	
B2

	
918.10




	
C1

	
1029.26




	
C2

	
1014.88




	
acb

	
A1

	
1002.74

	
1.2341




	
A2

	
1010.39




	
B1

	
1115.75




	
B2

	
904.10




	
C1

	
918.70




	
C2

	
1103.70




	
cba

	
A1

	
1000.00

	
1




	
A2

	
1000.00




	
B1

	
1000.00




	
B2

	
1000.00




	
C1

	
1000.00




	
C2

	
1000.00




	
bac

	
A1

	
904.10

	
1.2341




	
A2

	
1115.76




	
B1

	
1103.70




	
B2

	
918.70




	
C1

	
1010.39




	
C2

	
1002.74
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Table 6. Core current of parallel cables with triangle vertical arrangement in Scheme 2.






Table 6. Core current of parallel cables with triangle vertical arrangement in Scheme 2.





	
Phase Sequence

	
Phase

	
Core Current (A)

	
ε






	
abc

	
A1

	
953.04

	
1.0985




	
A2

	
1046.96




	
B1

	
1024.03




	
B2

	
977.46




	
C1

	
1022.47




	
C2

	
979.09




	
bca

	
A1

	
993.71

	
1.0466




	
A2

	
1006.57




	
B1

	
982.65




	
B2

	
1017.91




	
C1

	
1022.76




	
C2

	
979.09




	
cab

	
A1

	
993.79

	
1.0466




	
A2

	
1006.48




	
B1

	
1022.78




	
B2

	
977.23




	
C1

	
981.06




	
C2

	
1019.43




	
acb

	
A1

	
953.04

	
1.0985




	
A2

	
1046.95




	
B1

	
1024.03




	
B2

	
977.45




	
C1

	
1022.47




	
C2

	
979.09




	
cba

	
A1

	
992.23

	
1.0466




	
A2

	
1007.80




	
B1

	
1022.80




	
B2

	
977.81




	
C1

	
980.16




	
C2

	
1021.85




	
bac

	
A1

	
994.28

	
1.0506




	
A2

	
1005.74




	
B1

	
984.18




	
B2

	
1017.96




	
C1

	
1024.98




	
C2

	
975.58
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Table 7. Circulating current of metal sheath under triangular horizontal arrangement.






Table 7. Circulating current of metal sheath under triangular horizontal arrangement.





	Triangular Horizontal Arrangement
	ABC-abc
	ABC-acb
	ABC-bac





	Scheme 1 Ismax (A)
	48.60
	6.49
	43.81



	Scheme 1 ΣUmax (V)
	119.15
	24.31
	163.1



	Scheme 3 Ismax (A)
	12.5
	15.1
	12.9



	Scheme 3 ΣUmax (V)
	23.8
	28.27
	23.51







Note: ΣUmax is the maximum value of open-circuit voltage of sheath circuit; Ismax is the maximum circulating current.
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Table 8. Circulating current and open-circuit voltage in schemes 1 and 2.






Table 8. Circulating current and open-circuit voltage in schemes 1 and 2.





	Triangular Horizontal Arrangement
	ABC-abc
	ABC-acb
	ABC-bac





	Scheme 1 Ismax (A)
	48.60
	6.49
	43.81



	Scheme 1 ΣUmax (V)
	119.15
	15.27
	102



	Scheme 2 Ismax (A)
	0.51
	6.49
	3.04



	Scheme 2 ΣUmax (V)
	2.33
	30.53
	15.66
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