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Abstract—Ramping losses in high-temperature superconductor
(HTS) based superconducting magnetic energy storage (SMES)
coils are modeled using the finite element technique, and the models
were experimentally validated using two independent measure-
ment techniques. The target application of the SMES is a coil set
of the 100-Tesla high field pulsed magnet system at Los Alamos
National Laboratory. The pulse shape and duration used for the
measurement were selected based on the needs of the pulsed
magnet system. The modeling and measurement methods used
are discussed. The purpose of the models and the experimental
validation is to enable reliable estimation of losses in full-scale
SMES systems needed for the designs of cryogenic systems. The
similarities between the ongoing developments of high current
HTS cables for compact fusion systems and the proposed SMES
are discussed to show the synergy among the applications and as
the reason for the author’s optimism of high-current HTS SMES
technology operating at 20 K or higher temperatures.

Index Terms—Double pancake, FEM, HTS, model validation,
REBCO, ramping loss measurements, SMES, power conversion
system.

I. INTRODUCTION

THE large current-carrying capability and the absence of
electrical resistance make the HTS attractive for many

magnet and electrical power applications [1]. Several research
efforts have been devoted to the development of HTS-based
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energy storage devices [2], fault current limiters [3], high-field
magnets [4], and electrical machines [5]. Rare earth barium
copper oxide (REBCO) tape is an attractive conductor for high-
current cables of high field magnets and electrical power devices
due to its high current carrying capacity, excellent mechanical
strength, and operation at 20 K and higher [6]. Several REBCO-
based high field magnets [7], [8] and electrical power devices
[9], [10], [11] have been demonstrated. SMES is attractive for
energy storage because it offers both high energy and power
densities [2]. Designs and fabrication of HTS SMES systems
for frequency and voltage stabilization in power grids have been
published [12]. The design concepts SMES based on solenoid
and toroidal designs have been reported [13]. SMES for pulsed
power applications is attractive to lower the footprint of the
energy storage systems and achieve the target efficiency [13],
[14], [15]. Achieving the needed power density and pulse shapes
from traditional energy storage devices requires extensive power
conversion systems, and the overall system efficiency is low.
HTS devices experience energy losses when exposed to a time-
varying magnetic field and/or current, called ac losses [16]. The
ramping losses significantly impact the electrical and cryogenic
thermal designs of SMES regarding their cooling demands,
operating temperatures, and efficiency. One of the challenges
of SMES, when used for pulsed power applications requiring
frequent charging and discharging is the extent of ramping
losses. SMES encounter losses during charging and discharging
events, and the designs must consider the losses when evaluating
the capital and operating costs of the cryogenic cooling systems.

SMES systems in pulsed power applications will see fast
current ramping, and the ability to estimate the losses for the
desired current pulse shapes and durations is critical for suc-
cessful designs. This paper discusses the target pulsed power
application of high field pulsed magnets using SMES as the
energy source, the waveforms of the required high current pulses,
the use of finite element modeling (FEM), and experimental
measurement of the ramping losses in REBCO coils. The focus
of the research is to experimentally validate the use of the T −A
formulation on a double pancake (DP) REBCO coil to estimate
ramping losses under the pulses relevant to the target high field
pulsed magnet application. Most of the published models and
measurements of losses in HTS coils are at power frequencies of
50 and 60 Hz for electric utility applications and high frequencies
of 400 Hz for superconducting electric machines for aviation
[17]. Also, the reported work is on losses under sinusoidal
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TABLE I
DOUBLE PANCAKE REBCO COIL PARAMETERS

waveforms. The pulse shapes and equivalent frequencies needed
for pulsed magnet applications differ significantly [15], [18],
[19], [20]. This work is on the models and measurements of
ramp losses at triangular waveforms and low frequencies. The
model development and experimental validation will allow its
use for the estimation of loss in a full-size SMES to support the
designs. The specifications of the DP REBCO coil used in this
study are provided in Table I.

II. FULL-SCALE SMES FOR PULSED POWER APPLICATION

National High Magnetic Field Laboratory’s Pulsed Field
Facility (NHMFL-PFF) at Los Alamos National Laboratory
(LANL) has the world’s highest 100-Tesla pulsed field mag-
net [18], which is powered by 1430 MVA (1200/600 MJ
stored/extractable energy) pulsed power generator [14]. The
stored energy is supplied to the 100-Tesla magnet through 7
× 87 MVA, 12-pulse rectifier set capable of maintaining 6.4 kV
at 20 kA for the pulse duration [19]. Two of the seven rectifier
converters are used to power the outsert magnet’s innermost
coil group (CG-1). Our previous study [15] established that an
SMES with 45 MJ stored energy at 30 kA current is suitable for
energizing the CG-1. The SMES and power conversion system
(PCS) topology described in [15] can deliver and recover the
energy to and from the pulsed magnet, similar to the 1430 MVA
pulsed power generator. The SMES can support the flat top
current and magnetic field for the desired duration as supplied
by the existing system. Also, the 45 MJ SMES was shown to
support the pulse duration of 200 ms with a flat top of 20 ms
without any distortion or deviation from the pulse shape and
width produced by the pulsed power system currently in use
[15], as shown in Fig. 1. The 45 MJ SMES can support four
pulses along with the option of safety energy dump in case of
fault on the pulsed magnet without recharge. The 45 MJ storage
capacity and 30 kA operating current were selected to replicate
the capabilities of the existing power system for powering the
100-Tesla pulsed magnet system.

III. ESTIMATION OF RAMP LOSSES USING T-A FORMULATION

Fig. 2 shows one quadrant of the DP coil used for the FEM
analysis and Fig. 3. shows 50 A triangular pulse used to estimate
the losses in the DP coil. As discussed, in the previous section,
pulsed loads require a specific pulse pattern. The frequency of the

Fig. 1. Operational (Generator) and simulated (SMES) current profile com-
parison of the CG-1 of the 100 T magnet [15] (©[2023] IEEE).

Fig. 2. One quadrant of REBCO double pancake coil.

Fig. 3. Applied 50 A triangular current pulse to DP REBCO coil.

current pulse used to match the pulse requirements of the 100-
Tesla magnet CG-1 [15]. The T −A formulation has been used
extensively for studying HTS coils due to its fast computation
and lower cost [21], [22], [23], [24]. In the mathematical model,
the thickness of the REBCO conductors is neglected, and the thin
superconducting layer is treated as a 1D line. The sheet current
density J and magnetic flux density B are solved by applying
the state variables T and A for the coil [25]. The current in a
thin shell can be written as (1) [25], [26].

J = ∇× T (1)

The governing equation of the model is written as (2) [22].

∇ × (ρhts∇× T ) = −∂B

∂t
(2)
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The resistivity of the superconductor is defined by the Kim-
Anderson E − J power as (3) and (4) [22], [25], [27], [28].

E = ρhts · J =
Ec

Jc (B)

∣∣∣∣ J

Jc (B)

∣∣∣∣
n(B)−1

· J (3)

Jc (B) =
Jc0(

1 +

√
k2B2

‖ +B2
⊥

Bc

)b
(4)

Here, ρhts is the resistivity, Ec is the critical electric field at
1 µV/cm,Jc is the critical current density,Jc0 is the initial critical
current density and n is the superconducting n-value of the HTS
tape.B‖ andB⊥ are the parallel and perpendicular components
of the magnetic flux density in the HTS tape, respectively. Values
0.25, 0.1 T, and 0.7 were used for the parameters k, Bc and b,
respectively [25], [28]. The total transport current in a tape was
calculated by the integration of the current density across the
cross-section of the HTS tape as expressed in (5) and reduced
to 1D as expressed (6) [25]:

Ihts =

∫∫
s

JdS =

∫∫
s

∇× TdS =

∮
∂S

TdS (5)

Ihts = (T1 − T2) thts (6)

where Ihts is transport current flowing in the HTS layer, S is the
cross-section of the tape and ∂S is the boundary edges of the
cross-section. T1 and T2 are the current vector potentials at the
respective edge points and thts is the thickness of HTS layer.

Using the symmetry, simulation was performed in only a
quarter of the cross-section of the DP REBCO coil, and the
ramp loss estimation was performed for 1.5 cycles of the applied
current pulses while the losses in each domain were calculated
by spatially integratingJ · E for the second half of the first cycle.
If S is the superconducting domain and f is the frequency of the
applied current, then the losses can be written as in (7) [25].

Q = 2

∫ 3/(2f)

1/f

∫
S

J.EdSdt (7)

Figs. 4 and 5 show the ramp losses estimated using the FEM
due to triangular and sinusoidal current pulses at different turns
in a single pancake of the DP REBCO coil. The behavior of
the ramp loses is similar in both type of pulses. When the peak
current is low, the losses are higher at the edge turns of the
coil, and when peak current gets near Ic the losses are higher
in the middle turns. Though turns of the coil carry the same
current, they generate different losses because they experience
varying magnetic fields, causing varying magnetization losses.
For example, at 50 A peak triangular current pulse as shown
in Fig. 6(a)–(c), the magnetic flux B⊥ is higher in the coil’s
middle turns than the edge turns, generating correspondingly
higher losses in the middle section of the coil. Estimating the
losses in a coil concerning the transport current is complicated.
Generally, the magnetic field profile strongly depends on the
current distribution in the coil turns, and the current distribution
changes significantly with varying current. Also, the current
distribution is expected to change considerably with varying
current amplitude. Varying current distribution is the reason for

Fig. 4. Ramp losses at different turns for triangular current pulses.

Fig. 5. Ramp losses at different turns for sinusoidal current pulses.

the variation of ramp losses among the turns of the coil when the
peak current amplitude changes. In Fig. 6(a)–(c), the magnetic
flux B⊥ and the current density show a transition from a positive
to a negative value within the same turn at zero crossing and at
the peak value of current.

IV. EXPERIMENTAL MEASUREMENT OF RAMP LOSSES

The ramping losses in the REBCO coil depend on the size of
the coil peak current, frequency, maximum magnetic field, and
temperature. The physical mechanisms and scale of the losses in
HTS tapes differ for magnetization losses and transport current
losses [16], [29], [30].

A. Liquid Nitrogen Boil-Off Method

The liquid nitrogen boil-off technique has been used for ac
loss measurements in HTS coils [31], [32], [33]. The principle of
the ramp loss measurement using the nitrogen boil-off method
is as follows:

1) The ramping current generates losses in the coil.
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Fig. 6. Magnetic flux and current density distribution in the coil at (a) 0.2 s, (b) 0.3 s, and (c) 0.4 s of triangular current pulse as shown by dots in Fig. 3.

Fig. 7. Simplified schematic of the boil-off loss measurement.

2) The heat generated is absorbed by LN2, resulting in the
evaporation of the corresponding amount of LN2.

3) Under the equilibrium flow of nitrogen gas, the ramping
losses can be calculated from the volume flow rate at room
temperature.

Fig. 7 shows the calorimetric chamber used for measuring the
nitrogen boil off for the ramping losses. Four main components
of the calorimetric setup to measure the ramp losses are a
programmable power supply that produces the required current

pulse shape, a current measuring device, a volume flow meter,
and a data acquisition (DAQ) system [31]. The coil is housed
inside the calorimetric chamber that is filled with LN2. The
calorimetric chamber including the current lead is immersed
completely in the LN2 bath inside the outer cryostat to mini-
mize the heat leak from outside [31]. A programmable power
supply is connected to the current leads of the coil to supply
the desired current pulses. A Rogowski coil is used to measure
the current through the coil, and a nitrogen gas flow meter was
used to measure the volume flow rate. The primary variables are
gathered and recorded using the DAQ system.

The ramping losses can be calculated by utilizing the direct
relationship between the dissipated heat and the mass flow rate
of the gaseous nitrogen. The integrity of the relation between the
mass flow rate and the ramp losses was verified using a standard
resistive heater up to 45 W. The slope of flow rate versus the heat
input line was found to be 0.246 SLPM/W, closely agreeing with
the theoretical value of 0.25 SLPM/W [35].

B. Electrical Method

A second method for measuring the losses was used to serve
for future ramping loss measurements at temperatures other than
77 K. The electric method is faster for measuring the losses and
is suitable at any temperature and cooling medium. During the
ramping of REBCO coils, magnetization losses can occur in su-
perconducting layers because of flux creep and jumps. [36], [37].
It constitutes a major part of ramp losses when supplied with the
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Fig. 8. Schematic of the electrical method for ramp losses measurement.

currents lower than the Ic, which could lead to a possible quench
of the coil [36], [37], [38], [39]. Fig. 8 shows the schematic of
the electrical method for loss measurement. The REBCO coil
was powered with current from a power amplifier controlled by
a signal generator. During the current ramping pulses, REBCO
coil develops two voltages, one in resistive RHTS part (VR)
and another in the inductive LHTS part (VL) and they can be
expressed as (8). The cancellation coil is designed to cancel the
inductive part of the induced voltage. If the mutual inductance
of the cancellation coil is, MComp then compensated voltage
can be expressed as (9).

VCoil = VR + VL = RHTSI + LHTS İ (8)

VComp = MCompİ = VL (9)

Thus, to get the resistive component LHTS should be equal
to MComp. If the diameters of the primary and the secondary
windings of the cancellation system setup are Dpri and Dsec,
respectively and the number of turns in the primary winding of
the cancelling coil are Npri then the minimum required number
of turns in the secondary winding (Nsec) of the cancelling coil
can be calculated from the (10), assuming perfect flux linkage
between the primary and secondary windings of the coil.

Nsec =

(
4

μ0π
· Dpri

D2
sec

)
· LHTS (10)

The voltage taps of the REBCO coil was connected in anti-
series with the voltage taps from the cancellation coil to com-
pensate the inductive component [28], [31], [32]. The magnitude
of the cancellation voltage was adjusted to minimize the phase
difference between the input current (to the REBCO coil) and
the voltage signal from the REBCO coil after removing the
voltage induced by the cancellation coil. The resulting voltage
is the resistive component and can be recorded as the ramp loss
voltage [31]. The ramp losses can be calculated in (J/cycle) using
(11) [32].

Q =
Vrms · Irms

f
(11)

where f is frequency of the ramping current and Vrms and Irms

are the RMS values of the compensated voltage and the current in
the REBCO coil, respectively. Figs. 9 and 10 show an example of
the results of boil-off and electrical loss measurement methods,
respectively.

Fig. 9. Example of measured flowrate by boil-off method.

Fig. 10. Example of measured current and voltage by electrical method.

V. EXPERIMENTAL RESULTS

The power amplifier was used for generating triangular and
sinusoidal current pulses for DP REBCO coil. The current
amplitude ranged from 10 A to 40 A, peak. It is challenging
to use lock-in amplifier method to measure the ramp losses
for triangular current pulses [40]. Ramp losses of the coil were
measured at 2.5 Hz and 60 Hz. No distinguishable differences
were found in the results of calorimetric and electrical methods.
It was observed that the ramp losses per cycle were independent
of frequency for the 2–60 Hz range. This indicates that the
measured losses were mainly hysteretic losses. Figs. 11 and 12
show the measured the ramping losses.

The measured ramping losses (J/cycle) at each frequency are
consistent as expected for hysteretic losses. The magnitude of the
losses independently obtained from two experimental methods
are in good agreement with the values predicted from the FEM.
The measurement of the ramp losses was limited to 40 A to
avoid the quench of the coil. Table II shows the error in the
losses between simulation and the two measurement methods
for triangular current pulses.
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Fig. 11. Ramp losses for triangular current pulses in DP REBCO coil.

Fig. 12. Ramp losses for sinusoidal current pulses in DP REBCO coil.

TABLE II
% ERROR (SIMULATION AND MEASUREMENTS)

VI. DISCUSSION

The full-scale SMES discussed in Section II is at 45 MJ and
30 kA. High field magnets (up to 20 T) using high current
(up to 50 kA) HTS cables are an active development area
[41], [42], [43]. Compact fusion systems development activities
are building REBCO magnet systems for 20 K operation. The
compact fusion magnet development will benefit SMES because
of the similarities of challenges, including high current, high
strength cables, the need for ac loss reduction, and the need for
high efficiency cryogenic systems operating at or above 20 K
[44], [45], [46]. The synergy with the high field magnets and the
validated designs for high current cables and 20 K cryogenic

cooling schemes using forced flow gaseous helium circula-
tion will facilitate SMES development [44], [45], [46], [47],
[48], [49].

VII. CONCLUSION

Ramping loss estimation of REBCO coil was performed for
sine and triangular waveforms using FEM, using the T −A
formulation, and the modeled results were compared with the
experimental data obtained using two independent measurement
techniques, an electrical method suitable for any temperature
and cooling media and the liquid nitrogen boil-off calorimetric
method suitable for 77 K, liquid nitrogen cooled systems.

The validity of the two measurement methods for ramping
losses under the pulse shapes needed for the target pulsed magnet
application was demonstrated. The agreement of the experimen-
tal and modeled ramping losses will enable the use of the model
for calculating the losses for full-scale SMES. Future studies
will focus on the loss estimation in full-scale SMES to generate
the data necessary for designing the cryogenic systems. Future
studies will also include measuring and modeling ramping losses
in high current cables necessary for building the 45 MJ SMES
needed for pulsed magnets at LANL.
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