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Study and analysis of a coil for Superconducting Magnetic Energy Storage (SMES) system is presented in
this paper. Generally, high magnetic flux density is adapted in the design of superconducting coil of SMES
to reduce the size of the coil and to increase its energy density. With high magnetic flux density, critical
current density of the coil is degraded and so the coil is wound with High Temperature Superconductors
(HTS) made of different materials. A comparative study is made to emphasize the relationship between
the energy storage and length of the coil wound by Bi2223, SF12100, SCS12100 and YBCO tapes. Recently
for the construction of HTS magnets, YBCO tapes have been used. Simulation models for various designs
have been developed to analyze the magnetic field distribution for the optimum design of energy storage.
The design which gives the maximum stored energy in the coil has been used with a certain length of
second-generation HTS. The performance analysis and the results of comparative study are done.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Size and weight of the energy storage system are comparatively
lesser in SMES than other energy storage systems [1]. SMES stores
energy in the form of magnetic field. The invention of HTS in 1986
makes SMES as the hot research area. Recently for the construction
of HTS magnets, YBCO tapes have been used [2-6]. Compared to
other energy storage methods, SMES exhibits a better performance.
The current density of SMES coil is about 10-100 times larger than
the common coil because it has virtually no resistive losses. Conse-
quently, the Energy with a higher density can be stored in a persis-
tent mode until required. SMES system has superior features such
as high efficiency, fast response and no performance degradation
due to repetition of charging and discharging of the coil. The SMES
system is expected to be used for power system stabilization, load
fluctuation compensation and instantaneous voltage drop compen-
sation [7]. A new advanced SMES consists of renewable energy
resources, SMES coil and a hydrogen energy storage system. This
system uses the renewable energy effectively [8,9].Therefore, a
focus on more researches has been performed for practical use of
SMES system [10-12].

The solenoid-type SMES coil is preferred due to its simple config-
uration and high energy storage capacity [13]. An effective method
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of reducing superconducting wire usage by considering the maxi-
mum magnetic flux density within the SMES coil has not been inves-
tigated effectively so far. In general, high magnetic flux density is
adapted in the superconducting coil design to make the coil size
to be smaller. However, critical current density of the superconduc-
ting coil is degraded when high magnetic flux density is adapted to
the superconducting coil. High magnetic flux density is not only the
criteria for reducing superconducting coil size it also depends on the
Jc—B characteristics and the coil shape. In this paper, HTS solenoid
coil design, its analysis and simulation results are studied.

2. HTS solenoid coil design

In this section, four HTS solenoid coils with different material
tapes are designed and compared. Modeling has been carried out
in MAGNET software package to design the coil. A common config-
uration of HTS solenoid coil is shown in Fig. 1. In practice, Bi-2223
or YBCO multifilament HTS tape conductor is chosen to design a
HTS solenoid coil. Its main specifications are: width of 4.23 mm,
thickness b of 0.23 mm, critical current I- of 100 A (at 77 K), the
critical current density Jc of 10 kA/C.

2.1. Computation of energy storage of SMES coil

Inductance of a superconducting coil is computed as follows [ 14].

L =2mp,N2R T (p. q) M


http://crossmark.crossref.org/dialog/?doi=10.1016/j.physc.2014.11.005&domain=pdf
http://dx.doi.org/10.1016/j.physc.2014.11.005
mailto:gindu80@gmail.com
mailto:umesh.theru@gmail.com
mailto:cdramo@gmail.com
http://dx.doi.org/10.1016/j.physc.2014.11.005
http://www.sciencedirect.com/science/journal/09214534
http://www.elsevier.com/locate/physc
https://www.researchgate.net/publication/243234452_Hysteresis_of_the_dynamical_magnetic_permeability_of_a_YBa2Cu3O7-d_single_crystal?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/224120084_Technical_and_Cost_Evaluation_on_SMES_for_Electric_Power_Compensation?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/224614595_An_optimal_configuration_design_method_for_HTS-SMES_coils?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/224717232_Conceptual_design_of_HTS_coil_for_SMES_using_YBCO_coated_conductor?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/260483411_Design_optimization_of_superconducting_magnetic_energy_storage_coil?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/3108484_Use_of_Superconducting_Coils_as_Energy_Storage_Elements_in_Pulsed_System_Operations?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/224266850_Electrical_application_of_high_Tc_superconducting_saturable_magnetic_core_fault_current_limiter?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/32137931_Optimal_design_of_a_Bi-2223Ag_coil_for_superconducting_magnetic_energy_storage_at_different_operating_temperatures?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/254060430_Application_of_SMES_and_Fuel_Cell_System_Combined_With_Liquid_Hydrogen_Vehicle_Station_to_Renewable_Energy_Control?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/3312970_Characterization_of_Local_Dielectric_Properties_of_Superconductor_rm_YBa_2rm_Cu_3rm_O_7-delta_Using_Evanescent_Microwave_Microscopy?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==
https://www.researchgate.net/publication/261235556_YBCO_Superconductors_and_a_Comparative_Study_on_Scattering_Strengths?el=1_x_8&enrichId=rgreq-be12ca6c-acad-4c46-8cee-1b1b82fad3d1&enrichSource=Y292ZXJQYWdlOzI3MDI5MzU1NTtBUzoyOTUyNjU3NTI4OTU0OTdAMTQ0NzQwODI1MTA4Nw==

70 G. Indira et al./ Physica C 508 (2015) 69-74

where
Lo =41 x 1077,
R; - Inner radius of the coil

Ne=N/(R; —R;)D 2)

where
R, - Outer radius of the coil
D - Depth of the coil
N - Number of coil turns
T(p, q) - function of size ratio

- ()e- ()

According to (1) and (2),

_ 5 N T
L=2mu,RiT(p,q) {m 3)
Considering the filling factor K for practical design,
Nab = (R2 —R1)D (4)
The total length of conductors S is given by
szN[zn<R1+R2;Rl>] (5)
Energy storage of a coil is given by
_lip
E= jLI (6)

2.2. Design of HTS solenoid coil

For the practical design of HTS solenoid coil, inner radius Ry,
outer radius R, and cross sectional area (R,—R;) D are considered.

2.2.1. Comparison of Bi2223 and YBCO coil

Table 1 gives the main geometries of Bi2223 and YBCO coil. The
computed value of size ratios (p,q) is (2,1) respectively. T(p,q) of
Bi2223 is computed as 0.3290 [15]. A solenoid coil having the size

ONORORONC,
ONONONONO,
ONORORONO,
ONORORONO,

R

Fig. 1. Scheme of HTS solenoid coil.

Table 1
Main geometries of Bi2223 and YBCO coils.
Material R, Ry D No of Length Volume
(mm) (mm) (mm)  turns (m) (m3)
Bi2223 81 162 81 2186 1668 0.0005
YBCO 81 162 81 2186 1668 0.0005

ratios (2, 1) is called as Brooks Coil and this coil gives the maxi-
mum inductance for a given length and volume of the conductor.

HTS coil should be wound with a certain insulating layer. The
total width and the thickness of Bi2223 HTS conductor with
insulating layer are 6 mm and 0.6 mm respectively. Therefore, a
reasonable filling factor is 32.2%. Using Eqs. (3) and (4), the induc-
tance and the number of turns in Bi2223 coil are calculated as 1 H
and 2186 respectively. Total length of HTS coil is calculated as
1668 m using Eq. (5) [16]. Critical current through the Bi2223 coil
is100 A.

In the proposed YBCO coil, the same filling factor of 32.2% is
considered. The inductance and the number of turns in YBCO coil
are 1.8 H and 2186 respectively. Using Eq. (5), the total length of
YBCO coil is calculated as 1668 m. Table 2 gives the comparison
of Bi2223 and YBCO coil. Inductance, energy storage and flux
density are more in YBCO compared to Bi2223 coil.

The design of YBCO coil and its energy storage are shown in
Fig. 2a. Assume that the center co-ordinate of magnetic distribu-
tion is (0, 0) and the coil is symmetrically placed around it. A line
‘a’ from (—-100, —200) to (—100, 100) is added to analyze the flux
density pattern. The magnetic flux density pattern of YBCO and
Bi2223 coil are obtained as shown in Figs. 2b and 2c.

The usage of the superconducting wire is improved with the
maximum magnetic flux density in YBCO. This means that the

Table 2
Comparison of Bi2223 and YBCO Coils.

Material Inductance (H) Energy storage (])
Bi2223 1 5000
YBCO 1.8 9000

Energy I Force | Fux Linkage |

Stored Magnetic Energy | 2256.96432405509
Co-energy 2256.96432405509

Unit: IJoules

Fig. 2a. Energy storage of YBCO coil.
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Fig. 2b. Magnetic flux density pattern of YBCO.

Fig. 2c. Magnetic flux density pattern of Bi2223 coil.

influence of critical current degradation due to increase of mag-
netic flux density is less than the influence of decreased size of
superconducting wire due to increase of energy density. Therefore,
adapting the maximum magnetic flux density of 1.9511T is
effective for reducing the size of the superconducting wire
compared to Bi2223.

2.2.2. Comparison of SCS12100 and YBCO tapes

Practically, SCS12100 and YBCO HTS tapes are chosen to design
a solenoid coil. In a solenoid configuration, pancake coils are
stacked vertically. Table 3 lists the main geometries of SCS12100
and YBCO tapes. Super Power SF12100 tapes wound with pan-
cakes, has the main specifications of width a =12 mm, thickness
b =0.10 mm, critical current I-=300 A at the critical temperature
of 65K, critical current density Jc=2.5 x 108 (A/m?). The induc-
tance and the number of turns in SCS12100 tape are calculated
as 26.67 mH and 46 respectively using Egs. (3) and (4). Using Eq.
(5), the total length of it is calculated as 0.17 km [17].

Table 3

Main geometries of SCS12100 and YBCO tapes.
Material Ry (cm) R, (cm) D (cm) Length (km) No. of turns
SF12100 4.5 6.8 24 0.17 460
YBCO 4.5 6.8 24 0.17 460

Problem |D: IProblem 1
Energy ] Force | Fux Linkage |

Stored Magnetic Energy | 894.176138329722
Co-energy

894.176138329722

Fig. 3a. Energy storage of YBCO tape in comparison with SCS12100 tape.

From Table 3, it is clear that the parameters of SCS12100 and
YBCO tapes are same. In YBCO tape, the critical temperature is
77 K. In case of proposed YBCO tape, the inductance and the num-
ber of turns are computed as 79.4 mH and 460 respectively. For the
critical current of 300 A, the energy stored and the magnetic flux
density pattern of YBCO tape are as shown in Figs. 3a and 3b. Max-
imum magnetic flux density of 2.9226 T is effective for reducing
the size of the superconducting wire compared to SCS12100 Tape.
Table 4 gives the comparison of SCS12100 and YBCO Tapes.

2.2.3. Comparison of super power’s SF12100 tape and YBCO tape

Practically, SF12100 and YBCO taped conductors are chosen to
design a HTS solenoid coil. Its main specifications are: width
a=12 mm, thickness b=0.150 mm, critical current I-=201A at
the critical temperature of 77 K. The main geometries of SF12100
and YBCO tapes are given in Table 5. Using Eqs. (3)-(5), the induc-
tance, the number of turns and the length of SF12100 tape are cal-
culated as 20 mH, 266 and 100 m respectively | 18]. The inductance
and the energy stored in SF12100 and YBCO tapes are obtained as
in Table 6. In case of proposed YBCO, the inductance value is
26.34 mH and the number of turns is 266. The total length of YBCO
tape is 100 m. Energy stored and the magnetic field distribution of
YBCO tape are as shown in Figs. 4a and 4b. It is clear from Table 6
that when the SMES coil is designed using YBCO wire, the length of
coil decreases.

3. Optimal design of SMES coil

For the optimal design of SMES coil, the size ratios (p,q) for
square, rectangular and stepped shaped coils are (2, 1), (1.5, 2)
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Fig. 3b. Magnetic flux density pattern of YBCO tape in comparison with SCS12100
tape.

Table 4
Comparison of SCS12100 and YBCO tapes.

Material Inductance Energy stored Magnetic flux density
(mH) (k) (Wbm ?)
SCS12100  26.67 1.7 1.91
YBCO 79.40 3.57 2.92
Table 5
Main geometries of SF12100 and YBCO tapes.
Material Ry (mm) R, (mm) D (mm) Turns Length (m)
SF12100 40 79.9 12 266 100
YBCO 40 79.9 12 266 100
Table 6

Comparison of SF12100 and YBCO tapes.

Material Inductance (mH) Energy storage (])
SF12100 20 404
YBCO 26.34 532

and (1.5, 2) respectively. T(p,q) for square, rectangular and stepped
shaped coils are 0.3290, 0.2046, and 0.1901 respectively [15]. Main
geometries of YBCO coil for various shaped coils are given in
Table 7.

3.1. Square coil

In the design of square shaped coil, total width and the thick-
ness of YBCO HTS conductor with insulating layer are 6 mm and
0.6 mm, respectively. Therefore, a reasonable filling factor is
32.2%. Using Eq. (3) and (4), the inductance L; and the number of
turns N; are calculated as 1.8 H and 2186 respectively. Using the
Eq. (5), the total length of HTS wires S; is computed as 1668 m.
The current I; through the designed coil is 100 A. The magnetic flux
density pattern of the square coil is as shown in Fig. 2b.

Energy IForce | Fox Linkage |

Stored Magnetic Energy | 133.06993306633
Co-energy 133.06993806638

Unit: IJouies

Fig. 4a. Energy storage of YBCO in comparison with SF12100 tape.
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Fig. 4b. Magnetic flux density pattern of YBCO in comparison with SF12100 tape.

Table 7
Main geometries of YBCO tape for the optimal design.
Ry (mm) R, (mm) D (mm) Shape
81 162 81 Square
81 121.5 162 Rectangular
81 121.5 162 Stepped

3.2. Rectangular coil

The filling factor K, the length of HTS wires S; and the current I,
in square coil are used to design the rectangular coil with an aim to
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optimize the design of Superconducting Coil. Using Egs. (3) and (4),
the inductance L, and the length of YBCO conductors S, in rectan-
gular coil are calculated as 1.07 H and 1390 m respectively. Energy
storage and the magnetic flux density pattern of the rectangular
coil are shown in Figs. 5a and 5b respectively.

3.3. Stepped coil

The filling factor K, the length of HTS wires S; and the current I,
in square coil are used to design stepped coil with an aim to
optimize the practical inductor design. Using Egs. (3) and (4), the

Energy IFor\:e IF\uxLinkage]

1344.81476765116 :
1344.81476765116 :

Stored Magnetic Energy
Co-energy

Unit: IJouIes

Fig. 5a. Energy stored in rectangular coil.
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Fig. 5b. Magnetic flux density pattern of rectangular coil.
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inductance Ls; and the length S3 of YBCO conductors in stepped coil
are calculated as 1.41 H and 1250 m respectively. Energy storage
and the magnetic flux density pattern of the stepped coil are
shown in Figs. 6a and 6b respectively.

Table 8 gives the comparison of different shaped YBCO coils.
Brooks coil is chosen to obtain the maximum value of inductance

—

L

EﬂengIForceIFh.n(Lrﬂ(ageI

Stored Magnetic Energy | 1769.20887027652
Co-energy 1769.20887027652
Unit: IJouies

Fig. 6a. Energy stored in stepped coil.
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Fig. 6b. Magnetic flux density pattern of stepped coil.

Table 8
Comparison of YBCO tape with different shapes.
Shape Volume Inductance Number of Length  Energy
(m) (H) turns (m) Stored (K])
Square 0.0005 1.8 2186 1668 9
Rectangular  0.0004 1.07 2186 1390 53
Stepped 0.0036 1.41 2186 1250 7.07
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for YBCO conductors with a given length. The required length of
the conductor for stepped coil is the lowest. Inductance in the rect-
angular coil is the lowest. The inductance and the energy stored in
the square coil are very high among the other shaped coils with the
minimum volume. So, the square shaped coil gives the optimum
design.

4. Simulation results

4.1. Magnetic flux density pattern of YBCO in comparison with Bi2223
coil

Energy storage of the YBCO coil is shown in Fig. 2a. Simulation
results for 4th of the YBCO coil and Bi2223 coil are shown in
Figs. 2b and 2c. The energy stored in YBCO coil is 2256.96 ]. For
the total coil, the energy stored is 9 K]. Using Eq. (6), the inductance
value is computed as 1.8 H.

4.2. Magnetic flux density pattern of YBCO in comparison with
SCS12100 Tape

From Fig. 3b, energy stored in '4th of the YBCO tape is 894.17 ]
for the design as shown in Fig. 3a. For the total tape, the energy
stored is 3.57 kJ. Using Eq. (6), the inductance is calculated as
79.40 mH.

4.3. Magnetic flux density pattern of YBCO in comparison with
SF12100 tape

From Fig. 4a, the energy stored in 4th of the YBCO tape is
133.06] for the design as shown in Fig. 4a. For the total tape, the
energy stored is 532 ]. Using Eq. (6), the inductance is calculated
as 26.34 mH.

4.4. Simulation result for optimal design

From Fig. 53, it is known that the total energy stored in ;th of
the rectangular coil is 5.3 kJ. Its flux density pattern is shown in
Fig. 5b. Using Eq. (6), the calculated inductance value is 1.07 H.
Fig. 6a shows that the total energy stored is 7.07 k] in stepped coil.
Flux density pattern of the stepped coil is shown in Fig. 6b. Using
Eq. (6), the calculated value of inductance is 1.41 H.

5. Conclusion

A high temperature superconducting electromagnet design is
analyzed in this paper using a three dimensional software MAG-
NET - 6.11.2. Performance of YBCO tape is compared with
Bi2223, SCS12100 and SF12100 tapes. Based on the simulation
results, it is clear that the maximum energy is stored in YBCO tape
among the other tapes. With the optimal design of YBCO coil,
the maximum energy is stored in it with the minimum volume.

A prototype SMES with YBCO tape based on this study will be
developed in the near future.
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