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Abstract—As part of the exploration of energy efficient and
versatile power sources for future pulsed field magnets of the
National High Magnetic Field Laboratory-Pulsed Field Facility
(NHMFL-PFF) at Los Alamos National Laboratory (LANL), the
feasibility of superconducting magnetic energy storage (SMES) for
pulsed-field magnets and other pulsed power loads is examined.
Basic SMES parameters needed to power one of the coil groups
of the large 100 T magnet were determined. A circuit topology
for the power transfer between the SMES and the magnet was
devised, and the basic performance of the topology was simulated
to reproduce the pulse shape currently used in the 100 T magnet.
The Finite element analysis (FEA) method was used to calculate the
magnetic field distribution of several preferred coil configurations
for effective SMES design. Magnetic field distribution and the field
dependent critical current density of commercial high temperature
superconducting (HTS) tapes were used to understand the conduc-
tor/cable requirements for the SMES.

Index Terms—SMES, HTS, FEA, solenoid coil, voltage source
converter and power supplies system.

I. INTRODUCTION

SUPERCONDUCTING magnetic energy storage (SME) has
been considered for a variety of applications including high-

energy physics, high-energy lasers, power quality improvement
of the power grid, backup power, and electric transportation
[1], [2], [3], [4], [5], [6]. SMES devices store electromagnetic
energy in the superconducting inductor and release the stored
energy when required [7], [8]. Unlike many other energy storage
technologies, SMES is suitable for high power applications
because of its fast charge and discharge capabilities [9], [10].
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Fig. 1. System block diagram of the 100 T magnet power system.

The interest and possibilities of SMES have increased as the
availability of high performance HTS conductors and cables that
support the operation at high temperatures without the need for
liquid helium, a scarce resource [11]. The advantages of SMES
devices compared to other energy storage devices include high
energy density, high efficiency, and long life [6], [10], [12].

The 100 T multi-shot magnet is a signature user magnet of the
NHMFL-PFF, a national user facility at LANL [13], [14], [15].
Fig. 1 shows a simplified power system block diagram of the
100 T magnet. The 100 T magnet consists of two sets of coils, an
insert coil and several outsert coils [14], [15]. The outsert of the
magnet consists of 3 coil groups (CG) and these CG are presently
powered by the 1430 MVA motor-generator system [15], [16].
The 100 T field pulse is approximately 2.5 s long and requires the
coordinated firing of seven 64 MW 12-pulse power converters
[14], [15], [16], [17] to create the desired platform field in the
outsert. The work on SMES discussed in this paper is focused
on the CG-1 of the 100 T outsert. CG-1 has a self-inductance of
26.5 mH and is currently operated at 6 kV with a peak current
of 14.5 kA [14], [17].

Besides pulsed magnets, other pulsed loads such as lasers
require specific high power pulse shapes [18], [19], [20]. The
results of this study and the preliminary design of the SMES for
powering the pulsed magnet are relevant for other pulsed load
applications.

II. ENERGY REQUIREMENT CALCULATION

A SMES stores energy in the magnetic field generated by
a superconducting inductor. The current in a SMES, an ideal
inductor, will remain flowing in persistent mode due to its zero
resistance below the critical temperature. The stored energy
E of a SMES coil with inductance L and current I can be
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Fig. 2. Simplified electrical circuit.

expressed as

E =
1

2
LI2 (1)

Fig. 2 shows a simplified electrical circuit for connecting
the SMES with a pulsed field magnet. This circuit was used
to develop a MATLAB Simulink model as shown in Fig. 3
to assess the feasibility of effective energy transfer from the
SMES to the pulsed field magnet load. The SMES side H-bridge
was controlled to maintain the constant voltage (about 6 kV)
across the linked capacitor “VSC_CAP” in the “back-to-back”
voltage source converter topology [21], [22], while the pulsed
magnet side H-bridge was controlled to have the magnet current
follow a prescribed current profile. The SMES side H-bridge
was designed to operate in PWM mode, while the magnet side
bridge was designed to operate as a voltage reversing switch.
Energy flow in both bridges was bi-directional. Both bridges
supported the needed persistent/freewheel modes. For long term
energy storage, a separate persistent switch across the SMES is
needed.

Several SMES designs with different stored energy and oper-
ating currents were analyzed. The results indicated, that a SMES
with an inductance of 100 mH and stored energy of 45 MJ at
30 kA current would be suitable to pulse the CG-1 and could
produce a current waveform very similar to that generated by the
currently used power supply system (Fig. 4) [14], [15]. In the
current design, the 1430 MVA motor-generator and two series
12-pulse power converters ensure that the total pulse duration
of the CG-1 is approximately 200 ms with a flat top of 20 ms.
The “CG-1 Current Operational” curve in Fig. 4 shows the pulse
shape in the CG-1 used in the operations. The notch seen in the
flat top portion of the pulse is due to the firing of the capacitor
bank which powers the insert coil. To accomplish the same pulse
current shape, the IGBTs are fired using the sequence described
in Table I and the abbreviations of different terms are explained
in Table II. PM mode ensures the SMES is in energy storage
mode, and FW mode ensures that the CG-1 is not open circuited
while 100 T pulse is in progress. During CC mode the VSC_CAP
is charged to 6 kV, and the Pulse mode ensures the required pulse
shape in CG-1.

As shown in Figs. 4, 5, and 6, the energy is effectively
transferred and then recovered using two different H-bridges. A
similarly controlled current pulse and the corresponding power
profile can be fed to the CG-1 using SMES. As shown in Fig. 6,
the current in the SMES dropped from 30 kA to around 25.5 kA
during the peak field phase of the CG-1 and restored to 29.1 kA
at the end of the pulse. Of the about 3.5 MJ of energy delivered
to CG-1 at peak field, about 2 MJ were recouped by the SMES at

TABLE I
IGBT FIRING SCHEME

TABLE II
ABBREVIATIONS

the end of the pulse. Only approximately 1.5 MJ was dissipated
during the pulse out of the total 45 MJ stored in SMES prior to
the pulse. These simulations suggested that the SMES system,
as outlined, could possibly power a few successive pulses prior
to needing to be recharged. Simulations also showed that the
SMES coil current must always remain higher than ∼15 kA, the
peak current reached in CG-1 during the pulse.

III. SMES MAGNET DESIGN

A. Design Parameters

HTS coils are attractive in SMES applications due to their
high current carrying capacity at temperatures > 20 K [3],
[4], [5], [23], [24], [25], [26]. Solenoid coil designs are one
of the most common topologies for superconducting magnets.
They commonly have large stray fields but are nevertheless of
great interest due to their simplicity in design and construction.
Some groups explored toroidal magnet designs [5], [27], [28],
[29] to reduce stray fields. Several optimization schemes were
developed for solenoid SMES designs [30], [31], [32], [33].
Hence, a solenoid design is used in this study. We plan to
compare the solenoid designs with toroidal designs for SMES
magnets in our future studies.

As shown in Fig. 7, the geometry of a solenoid can be defined
by the following parameters: inner radius Ri, outer radius Ro,
and height H. It can also be defined by the following parameters:

α =
Ro

Ri
(2)

β =
H

2Ri
(3)

There are many different formulae and charts published for
the calculation of the inductance of an air-cored solenoid with
given dimensions [34], [35], [36], [37]. A more straightforward
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Fig. 3. System block diagram of the 100 T CG-1 power supply.

Fig. 4. Operational and simulated current profile comparison of the CG-1 of
the 100 T magnet.

Fig. 5. Power profile of the 100 T CG-1 during each pulse generated by SMES.

Fig. 6. Discharging and charging the current profile of SMES.

formula was given by Welsby [34] and can be alternatively
expressed as follows (where N is the total number of turns):

L = f (α, β,Ri, N) =
μ0πN

2Ri(α+ 1)2

8β
Kn (4)

Kn =
1

1 + 0.9(α+1)
4β + 0.64(α−1)

(α+1) + 0.84(α−1)
2β

(5)

B. Minimum Volume Calculation

As the inductance of the SMES coil is known, β can be
expressed as the function of L, α, Ri, and Acable. Here Acable =
30 mm x 30 mm is assumed for the area of the cross-section of
the HTS cable.

x1 =

(
1 +

0.64 (α− 1)

(α+ 1)

)
L (6)
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Fig. 7. Cross-sectional view of a solenoid coil.

x2 =
μ0πR

5
i

(
α2 − 1

)2
A2

cable

(7)

x3 =
0.9 (α+ 1)

4
L (8)

x4 =
0.84 (α− 1)

2
L (9)

β = f (L,α,Ri, Acable) =
x1 +

√
x2
1 + 2x2 (x3 + x4)

x2

(10)

The winding volume of the solenoid can be expressed as
below:

Vwinding = 2πβ(α2 − 1)R3
i (11)

The total number of turns can be determined by:

N = 2β (α− 1)R2
i /Acable (12)

Based on (4) to (12), the winding volume can be expressed
as a function of α and Ri or a function of β and Ri. With these
functions a minimum winding volume can be calculated for the
fixed inductance and the known cable cross-section.

Vwinding = f (α,Ri) = g (β,Ri) (13)

Figs. 8 and 9 show the winding volumes as the function of
α and β, respectively, for different configurations (α, β, Ri) of
the solenoid coil. The bold black line in both figures shows the
minimum volume of the winding required for the SMES to store
a minimum of 45 MJ. The minimum volume of the winding is
found for α � 2 and β � 0.5. This configuration is also known
as Brooks coil [37] which generates the highest inductance for a
given length of the conductor. In our case, the above observation
can be restated as: The minimum volume air core solenoid of
fixed inductance and known cable/conductor cross-section area
will be a coil with Brooks proportions.

IV. HTS CONDUCTOR FOR SMES COILS

The current carrying capability of a superconductor de-
creases with increasing applied magnetic field and/or temper-
ature. Hence the total current carrying capacity depends on

Fig. 8. Winding volume as a function of α.

Fig. 9. Winding volume as a function of β.

the maximum field in the windings and the number of HTS
tapes in the cable used to wind the coil. To determine the
required number of HTS tapes for the HTS cables, the maximum
field in the winding must be calculated. For each value of Ri

considered, the maximum field value was determined for the
respective minimum volume coil geometry using the COMSOL
FEA software. Fig. 10 depicts the magnetic field distribution in
the lowest volume designs for Ri = 0.4 m, 0.6 m, 0.8 m, and
1 m. The maximum field (Bm) is, as expected, observed at the
coil’s inner diameter along the mid-plane (r = Ri, z = 0 m).
Fig. 11 is showing the maximum field values for the various Ri

considered.
The width of the HTS tape considered for the cable build is

4 mm with a thickness of 0.1 mm. The in-field performance
for AP REBCO tapes at several temperatures and other relevant
electrical and mechanical parameters shown in Table III were
obtained from Superpower-Inc. website [38]. The experimental
data of the different temperatures and external transverse field
dependence critical currents (Ic vs B�) for B�>5 T were plotted
in Fig. 12, using (14) and the curve fit parameters.

Ic = I0 +Ae−kB⊥ (14)
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Fig. 10. Magnetic field distribution in different coil configurations.

Fig. 11. Maximum field in different coil configurations.

TABLE III
ELECTRICAL AND MECHANICAL PARAMETERS OF SUPERPOWER SCS4050

REBCO TAPE

Given the chosen SMES operating current of 30 kA, Ic of the
HTS cable was chosen to be 37.5 kA, ensuring a 25% operating
margin. Fig. 13 shows the total HTS tape length required for
the different configurations at different operating temperatures
discussed above. The fact, that the maximum field Bm (r = Ri,
z = 0 m) was used for B� when using data from Fig. 12, adds,
depending on the cable build, an additional margin. The number
of tapes needed to reach the desired 37.5 kA capacity of the
cable was calculated using the expression below:

Ntapes = Ic,cable/Ic,tape (15)

With the number of cable-turns of each configuration given
by (12) and the cable length lcable calculated from Ri, α, and β,
the HTS tape length needed for each of the configurations can

Fig. 12. Critical current as a function of perpendicular field reproduced
from [38].

Fig. 13. Tape length for different configurations.

be given by:

ltape = lcable ∗Ntapes (16)

As can be gleaned from Fig. 13, a 45 MJ SMES coil seems to
require the shorter HTS conductor tape length with increasing
Ri regardless of the chosen operating temperature.

V. CONCLUSION

The study presented suggests that, in principle, a SMES coil
with an about 1.17 m3 minimum winding volume, operating at
30 kA and stored energy of 45 MJ could, when combined with the
described converter topology, reproduce the shape of the current
pulse in CG-1 of the 100 T pulsed magnet, which currently
is generated using a controlled rectifier set capable of 6.4 kV
at 20 kA and powered by LANL’s 1430 MVA synchronous
motor-generator set. The SMES system topology described can
deliver energy to and recover energy from the pulsed magnet
as the currently installed system does. The FEA simulations
combined with critical current considerations showed that, for
fixed energy, increasing the inner radius Ri would lower the
maximum magnetic field Bm in the coil as well as lower the
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amount of HTS tape needed to build the coil independent of the
operating temperature chosen for the SMES. Our future studies
will elaborate on the designs and explore toroidal designs along
with the solenoid design reported here.
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