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5Abstract

6Alternating-current losses in two-layer power transmission cables constructed by type-II superconducting strips in the

7presence of ferromagnetic deflectors between the layers are numerically investigated. Each layer comprises 15 wires with

8rectangular cross section of 4 mm width and 2 μm height, while the inner and outer layer radii are 20 and 21 mm,

9respectively. Deflectors are composed of either non-magnetic or strongly ferromagnetic material, where the width and

10height of each is 5 mm and 80 μm, respectively. Losses are obtained through Finite-Element Method simulations with

11respect to amplitude of the applied current with 1 Hz frequency. Use of ferromagnetic deflectors increases the total

12alternating-current loss in the two layers considerably for small amplitudes, while the loss approaches that in non-

13magnetic case at amplitudes around the critical current. Individual layer losses are such that outer-layer loss is

14significantly larger, 2.5-fold at 1/16 of the critical current, for ferromagnetic deflectors, whereas they are almost identical

15in non-magnetic case at all amplitudes. Inner and outer wires are exposed to similar self magnetic fields of wires in non-

16magnetic case, while ferromagnetic deflectors accumulate magnetic field lines on themselves and increase the losses in

17outer wires. The current profile is homogeneous except at the edges of the wires in the non-magnetic case, whereas

18homogeneity is disrupted for the outer wire in the case of ferromagnetic deflectors, such that current flow in the positive

19direction is confined to the central region.

20Keywords

21Two-layer superconducting cable � Ferromagnetic deflector � Alternating-current loss � Finite-element method

Introduction

22Among promising applications of high-temperature superconductors (HTS) is power transmission. HTS power transmission

23cables generally operate at temperatures between 64 and 77 K. The most important advantages of these cables on

24conventional ones are the ability to transport high currents and their efficiency.

25In evaluation of the efficiency of HTS cables, determination of alternating-current (AC) transport losses plays a central

26role. Primary factors affecting AC losses include (1) the number and dimensions of the wires composing a cable, (2)

27geometrical alignment of wires on cables and (3) the twist-pitch length.
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28The critical current densities (Jc) of HTS cables depend heavily on the magnetic field distribution at elevated

29temperatures. In such power transmission cables, the total critical current density is higher than the sum of the corresponding

30densities of the strips forming the cable [7]. The reason for this lies in the fact that the variation in magnetic field distribution

31takes place in a more favorable manner, especially along the edges of an individual strip.

32Ferromagnetic deflectors are successfully utilized in HTS coils and practical applications [6, 12]. It is reported that a

33correction in the critical current density (Jc) is required in strips coated by a ferromagnetic jacket [4]. The ferromagnetic

34material restrains coupling between the filaments within the superconductor [3]. This is expected to give rise to a decline in

35the transport AC losses in HTS cables. This is demonstrated by occupying the space between the filaments which inhibits the

36interaction between the filaments and facilitates decrease in AC losses [5]. Screening in HTS strips coated by ferromagnetic

37materials is also studied [1, 13]. Furthermore, influence of magnetization on AC transport losses in superconductors over a

38ferromagnetic substrate due to applied magnetic field is studied [9, 10]. It is reported that an important improvement in the

39performance of BiSCCO-2223 strips coated by a partially ferromagnetic material can be achieved [8]. Vojenčiak et al. [11]

40demonstrated both theoretically and experimentally that introduction of ferromagnetic deflectors in the space between the

41strips of a single-layer HTS cable gives rise to a reduction in AC losses.

42Application of ferromagnetic deflectors between the layers of a two-layer HTS cable could also give rise to a reduction in

43AC transport losses in such cables. This work focuses on a numerical investigation on the influences of ferromagnetic

44deflectors introduced in the space between the HTS strips in a two-layer cable along the radial direction. The variation of

45transport current losses with respect to the applied current for deflectors with varying permeability is studied.

Cable Geometry and Computational Methods

46The two-layer HTS cable geometry is depicted in Fig. 40.1. Each layer comprises N ¼ 30 rectangular superconducting tapes

47with width and height as wsc ¼ 4.0 mm and hsc ¼ 2.0 μm, where the inner and outer layers are on circular arcs with

48Ri ¼ 20.0 mm and Ro ¼ 21.0 mm, respectively. The wire parameters are compatible with the standards set by American

49Superconductors Inc. The core of the cable is made of copper (Cu), whereas the space between the layers is filled with

50Kapton® dielectric. The ferromagnetic deflectors between the layers also possess a rectangular cross section with wT ¼ 5.0

51mm and hT ¼ 80.0 μm, Fig. 40.1b.

52The two-layer HTS cable in Fig. 40.1a possesses discrete azimuthal symmetry with respect to a unit of rotation

53by θC ¼ 2π/30 (12�), whereas the ferromagnetic deflectors, aligned on a circle with Radius RT ¼ 20.5 mm, are rotated by

Fig. 40.1 Geometry of the

two-layer HTSAU2 cable with

ferromagnetic deflectors

(a) and a close-up view of the

wires and deflectors (b). Elements

are not drawn to scale for clarity
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54θT ¼ θC/2 ¼ 2π/62 (5.8�) with respect to the wires. Due to the above-mentioned symmetry, the problem in two dimensions

55(2D) is solved through the Comsol MultiPhysics® package with AC/DC module, which is a commercial implementation of

56the Finite Element Method (FEM), by only considering the periodic element in Fig. 40.1a. Thus, the two wires and halves

57of the deflectors, which are depicted by the filled rectangles with solid borders, are considered in computations, Fig. 40.1a.

58The HTS wires are composed of second-generation yttrium barium copper oxide (YBCO) superconductors, whereas the

59deflectors are either non-magnetic or strongly ferromagnetic with relative permeability of μr ¼ 1.0 and 5,000, respectively.

60The magnetic flux dependence of the ferromagnetic deflectors is assumed as B ¼ μ0μrH and ferromagnetic losses are

61ignored. The influence of the substrate is neglected for simplicity, so that it is not depicted in Fig. 40.1a. Moreover, twisting

62of the wires along the z direction is also not taken into account. The choice of geometrical and physical parameters is to

63facilitate a comparison between other possible configurations of the cable with respect to the use of ferromagnetic material.

64In FEM simulations, an alternating current with a frequency of f is applied along the z direction and the component of the

65vector potential along this direction (Az) is treated as the independent variable. The rotational of the vector potential yields

66magnetic flux density. The critical current for each wire, which is calculated through an integration of the critical current

67density (Jc) over the cross-sectional area (ASC) of the wire on the xy-plane,

Ic ¼
Z
ASC

Jc dASC ð40:1Þ

68is taken as Ic ¼ 80 A. Dependence of Ic on magnetic flux density and position, which may be important in case of wires with

69circular cross-sections, is ignored. The current is sinusoidal with I(t) ¼ Imax.sin(2πft), where Imax is its amplitude with

70respect to Ic and f ¼ 1 Hz.

71The boundary condition for addressing the cable geometry in Fig. 40.1a considers the vector potential at an arbitrary

72position r due to an HTS wire in Fig. 40.1b as

Ar ¼ � μ0 I

2π
ln

r

Ri þ hSC

� �
þ ln

r

Ro þ hSC

� �
þ 2

� �
ð40:2Þ

73Besides, the azimuthal boundary condition exploits continuity of the normal component of the magnetic field. The

74superconducting current density in computations can be written as

jsc, z x; yð Þ ¼ Jctanh
Ap x; yð Þ � Az x; yð Þ þ∇Vð Þ

An

� �
ð40:3Þ

75where Ap(x,y) is the distribution of Az(x,y) in the previous step in the time march of simulations, whereas An is the

76scaling parameter which adjusts the sharpness of the translations between the region in superconductor with positive and

77negative current densities and ∇V is the scalar potential. By numerically solving Ampere’s Law in combination with

78Eqs. (40.2) and (40.3), the distributions of jsc,z and E ¼ �∂A/∂t � ∇V over a wire’s cross-section are calculated and AC

79loss, Q (J/m), in each wire is obtained, in turn, by:

Q ¼
Z

Asc

E � jdAsc ð40:4Þ

80

Results and Discussion

81Variation of the total AC transport loss (Qe) of the HTS cable on each periodic element in Fig. 40.1a with respect to the

82applied current amplitude is depicted in the log–log scale in Fig. 40.2. In computations Imax is set to eight different values

83ranging from 5.0 to 75.0 A (Ic/16 to 15Ic/16). Qe is calculated as the sum of the losses in inner (Qi) and outer (Qo) layers.

84Figure 40.2 demonstrates that use of strongly ferromagnetic deflectors significantly increases Qe, while the discrepancy

85between the two materials vanishes for large current amplitudes close to Ic. The losses increase almost linearly in Fig. 40.2

86for Imax < Ic/2, whereas the increase is slightly steeper at higher amplitudes. The calculated losses for μr ¼ 1.0 are

40 Influences of Ferromagnetic Deflectors Between Layers of Superconducting Power Transmission Cables. . .



872.98 � 10�6, 1.74 � 10�4 and 1.91 � 10�3 J/m for Imax ¼ 5.0 A (Ic/16), 35.0 A (7Ic/16), and 75.0 A (15Ic/16), respec-
88tively. Corresponding losses for μr ¼ 5,000 are 3.82 � 10�6, 2.47 � 10�4 and 1.93 � 10�3 J/m, respectively. These values

89are 28.2, 41.4 and 0.8 % higher than the corresponding values in the μr ¼ 1.0 case.

90To elucidate the loss mechanism due to the presence of deflectors, individual losses on each layer should be considered.

91Figure 40.3 depicts the variation of Qi and Qo with respect to Imax. In case of μr ¼ 1.0, Qi and Qo are almost equal to each

92other (and thus to Qe/2), as expected. In contrast, a significant discrepancy is observed for μr ¼ 5,000, where Qi is

93considerably smaller at all Imax values. In fact, Qi is also smaller than the corresponding value for the non-magnetic deflector

94case. The value of Qi and Qo are 1.1 � 10�6 and 2.7 � 10�6 J/m, respectively, such that Qo is 145.4 % higher than Qi,

95at Imax ¼ 5.0 A (Ic/16) for the ferromagnetic deflectors. The corresponding value for non-magnetic deflectors is

961.5 � 10�6 J/m, which is 35.8 % larger than the Qi value at the same amplitude for the ferromagnetic case. Qi and Qo for

97μr ¼ 5,000 becomes 5.6 � 10�5 and 1.9 � 10�4 J/m, respectively at Imax ¼ 35.0 A (7Ic/16), that is Qo is almost fourfold

98higher at amplitudes around Ic/2. At the highest amplitude (15Ic/16), the corresponding values are calculated as 4.7 � 10�4

99and 1.5 � 10�3 J/m, respectively. Although presence of ferromagnetic deflectors increases the total AC transport loss, the

100loss in the inner layer of the cable can be tuned by modifying the deflector parameters. This can particularly be important in

101technological applications in order to reduce process and cooling-down costs [2].

102How the relative permeability of deflectors influences AC losses is closely related to how they manipulate the magnetic

103field distribution around the HTS wires. Figure 40.4 presents distribution of the equi-potential lines of the magnetic vector

104potential (Az) for non-magnetic and strongly ferromagnetic deflectors at an instant, at which the instantaneous current on a

105wire is I(t) ¼ 18.5 A, of the sine-wave cycle of the applied current with Imax ¼ 75.0 A.

Fig. 40.2 Variation of total AC

transport loss on each periodic

element with respect to the

applied current amplitude

for non-magnetic and strongly

ferromagnetic deflectors

Fig. 40.3 Comparison of

individual AC transport losses

on the inner and outer layers of

the HTS cable for non-magnetic

and strongly ferromagnetic

deflectors
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106Non-magnetic deflectors do not affect the magnetic field lines due to current distributions in the wires as expected,

107Fig. 40.4a. Besides, the wires on the inner and outer layers are exposed to similar self-fields. Thus, Qi and Qo for μr ¼ 1.0 in

108Fig. 40.3 are almost equal. On the other hand, strongly ferromagnetic deflectors both trap and concentrate field lines on

109themselves, Fig. 40.4b. Moreover, the inner layer is exposed to its self-field to a lesser extent in this case. This is the reason

110behind the fact that Qi for the ferromagnetic deflectors is smaller than both Qo in the same configuration and the

111corresponding Qi for non-magnetic deflectors, as seen in Fig. 40.3. Moreover, the normal component of the magnetic

112field is more dominant at the edges of the outer wire for μr ¼ 5,000. The above facts indicate that current distributions in the

113wires are affected by the presence of the ferromagnetic deflectors, as depicted in Fig. 40.5.

114Figure 40.5a depicts that current flow is homogeneous in the interiors of both wires, while higher current amplitudes close

115to Ic are confined to the edges parallel to y direction in case of μr ¼ 1.0. Furthermore, the current distribution is almost

116identical in inner and outer wires, Fig. 40.5a. On the other hand, the situation is quite different in case of μr ¼ 5,000, as

117depicted in Fig. 40.5b. The current flow is more homogeneous in the inner wire, lower part of Fig. 40.5b, than in the case of

118non-magnetic deflectors. For this wire, the high current flow at the edge is confined to a smaller area. However, the region

119expands more into the wire along x direction in the outer wire, upper part of Fig. 40.5b. This, in turn, indicates that magnetic

120field penetrates deeper into the outer wire in case of ferromagnetic deflectors. The current distribution patterns in Fig. 40.5

121are consistent with distribution of magnetic field lines in Fig. 40.4.

Conclusion

122Alternating-current transport losses in two-layer high-temperature superconducting cables accompanied by ferromagnetic

123deflectors are numerically studied through FEM simulations. Presence of ferromagnetic deflectors with relative permeability

124as high as 5,000, located in the space between the layers and rotated by half the unit angle of rotation due to discrete

125azimuthal symmetry of the cable, increases the total loss relative to the case of non-magnetic deflectors. The increase in the

126total loss is due mainly to the increased self-magnetic field around the outer-layer wires, whereas the ferromagnetic

127deflectors concentrating magnetic field lines on themselves lead to a reduction in the individual losses of inner-layer

128wires. This fact can be utilized in tuning the losses in the inner layers of multi-layer cables to reduce both operation and

129cooling-down costs. In consistent with the distribution of magnetic field lines due to self-fields of the wires in the existence

130of ferromagnetic deflectors, the current flow is largely homogeneous in the inner-layer wires, while the region of high current

131flow expands more into the outer-layer wires.

Fig. 40.4 Distribution of the equi-potential lines of the magnetic vector potential (Az) around the wires for μr ¼ 1.0 (a) and 5,000 (b) at an
instant of the applied sinusoidal current such that the instantaneous current takes a moderate value (18.5 A)

Fig. 40.5 Distribution of current amplitude over the inner (lower) and outer (upper) wires of the HTS wire for non-magnetic (a) and strongly

ferromagnetic (b) deflectors at an instant of the applied sinusoidal current such that the instantaneous current takes a moderate value (18.5 A)
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