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Abstract—AC losses for a wide range of ac amplitudes and fre-
quencies have been studied in magnesium diboride (MgB2 ) super-
conducting wire with 36 filaments and Monel sheath at different
temperatures and dc current levels. The results show a strong non-
linear frequency dependence below 1 kHz, which crosses over to
a more moderate linear behavior at frequencies up to 18 kHz.
Surprisingly, the introduction of dc current causes a significant re-
duction in the ac losses. Finite element simulations yield ac losses
consistent with that observed experimentally. The simulations show
that the magnetic Monel sheath is a dominant source for ac losses
in zero dc current and that nonzero dc current saturates the mag-
netization, thus reducing the ac losses.

Index Terms—AC losses, finite element method (FEM), magne-
sium diboride (MgB2 ), superconducting magnetic energy storage
(SMES), superconducting filaments and wires.

I. INTRODUCTION

S INCE its discovery in 2001 [1], magnesium diboride
(MgB2) has become one of the most attractive supercon-

ducting materials for applications. The relatively low cost of
MgB2 wires and its moderately high critical temperature of
∼39 K made it a promising candidate for use in power applica-
tions such as superconducting magnetic energy storage (SMES)
[2]–[5] and high voltage direct current (HVDC) lines [6]–[8].
Although the base power frequency is 50/60 Hz, both applica-
tions utilize the pulsewidth modulation (PWM) technique [9]
with frequencies of several kilohertz for conversion from dc
current to ac current. In such applications, the superconductor
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carries dc current on which ac current ripples are superimposed
due to the very nature of high frequency switching used in the
PWM technique with a wide-range duty cycle. In SMES, ac
ripples are present both in the standby mode, where switching
is used only for compensating the current decay, and in charge
and discharge cycles, where the power is converted from ac to
dc or vice versa. A typical PWM base frequency is 3 kHz and
the ripples are usually nonsinusoidal. It is, thus, important to
characterize the frequency dependence of the losses up to, say,
the fifth harmonics (i.e., 15 kHz). Therefore, it is important to
measure the ac losses in this frequency range and understand its
origin. Extensive research work has been done on ac losses in
MgB2 wires, tapes, and cables [10]–[26]. In several papers, e.g.,
[11], [14]–[16], the main goal was the investigation of the mag-
netization ac losses in MgB2 wires in the presence of external
magnetic field but without transport current. Many others fo-
cused on transport ac losses [17], [18], [23]–[26] but without dc
current. Several others [19]–[21] reported on the losses for the
combination of dc current and ac ripples but at frequencies much
lower than required for typical PWM use. Thus, the available
research works cover only partially the conditions required for
SMES/HVDC applications. The need to explore the behavior of
MgB2 superconducting wires at high frequencies is evident and
turns crucial as the potential for high-power MgB2 applications
becomes realistic.

For practical applications, the study of ac losses is of extreme
importance especially for conduction-cooled superconductors
where cooling power is very limited. In such cooling, failure to
estimate the energy dissipated within the coil under real operat-
ing conditions may result in insufficient cooling power to main-
tain a constant operating temperature and eventually a thermal
runaway in the superconductor. We measured the ac losses in
the MgB2 wire produced by Columbus Superconductors [27]
with 36 filaments and Monel outer sheath, using an electrical
method [28]. For this purpose, a unique experimental setup,
based on conduction cooling and electrically nonconducting
cooling bus, designed for measuring ac loss in superconducting
wires and coils in a frequency range up to 18 kHz was built.
To clearly understand the loss mechanisms, a two-dimensional
(2-D) finite element method (FEM) simulation [29], [30] based
on H-formulation, was adopted. The numerical model calcu-
lated the spatial and temporal dependence of the magnetic field,
taking as input the electrical properties of the superconductor
described by the E–J power law and the electrical resistivity and
nonlinear magnetic properties of the Monel.
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Fig. 1. Schematic description of the cryostat assembly. (a) Edwards 0/40.
(b) Edwards 6/30. (c) Sumitomo RDK-408D2. (d) Superconducting sample
(coil in this scheme).

Fig. 2. Electrical scheme of the measurement system.

II. EXPERIMENTAL

All the results depicted in this paper were acquired in a home-
made system designed for measurements of ac losses in super-
conducting wires, tapes, and coils. The cryogenic part of the sys-
tem, described schematically in Fig. 1, comprises a cryostat and
three cryocoolers. The cryostat is made of Delrin to eliminate
eddy currents in the cryostat walls due to alternating magnetic
fields, and its volume is sufficient to contain coils of diameters
up to 60 cm. The cryocoolers—Edwards 0/40, Edwards 6/30,
and Sumitomo RDK-408D2—are capable of reaching base tem-
peratures of 50, 25, and 3.8 K, respectively. The Edwards 0/40
and the first cooling stage of the 6/30 are used for cooling the
current leads and peripheral cabling, while the Sumitomo cold-
head cools the sample. YBCO current leads to connect the 25
and 4 K stages.

AC loss measurements are based on the electrical method
[28], namely, measuring the time integral of the product I·V
waveforms per cycle. Electrical scheme of the measurement
setup is presented in Fig. 2.

DC current is supplied by Xantrex (20–300) power supply
connected in parallel to a 1000 F supercapacitor bank. The

Fig. 3. Image of the cross-section of a 1.3 mm diameter, 36 filamentary MgB2
wire with a Monel outer sheath.

capacitor bank serves as a high-pass filter to eliminate ac cur-
rents passing through the dc power supply and filter high-
frequency noise from the switching dc power supply. AC current
is driven by a Behringer NU12000 6 kW/ch high-power audio
amplifier and coupled to the measurement circuit through an
air transformer connected in series to the main loop. The sys-
tem, thus, allows superimposing dc and ac currents through
the measured sample. Voltage taps are mounted on the sample,
50 mm apart. The total length of the wire is 180 mm. The current
through the wire and the voltage across the taps are measured
by the Newtons4th PPA5510 high-precision power analyzer.
The instrumentation is connected and controlled by MATLAB
environment with feedback loop to stabilize the currents.

The measurements described here were conducted on a
1.3 mm diameter, 36 filamentary round MgB2 wire with the
Monel matrix, produced by Columbus Superconductors. The
critical current of a similar wire is about 1000 A at 10 K in
self-field [22]. The filaments are distributed in three layers, as
shown in Fig. 3. The MgB2 wire sample is cast in alumina grains
of various sizes impregnated with epoxy to ensure thermal con-
ductivity and efficient heat removal while making sure that there
are no electrically conductive materials in the range of at least
15 mm from the sample.

In realistic use of superconductors in power applications, the
dc current is in the range of hundreds or even thousands of
Amperes, while ac current components are only a few % of it at
most. The losses were measured with amplitudes of ac current
from 0.5 to 8 Arms , which represent the relatively small fraction
of high dc current amplitude. However, our experimental setup
(see Fig. 2) does not allow for currents above ∼50 A due to the
small air transformer, which limited the dc current to be only 40
A. Despite this relatively small dc amplitude, the measurements
results show virtually no influence of further increase of dc
current.

III. RESULTS

Sinusoidal ac currents of amplitudes from 0.5 to 8 Arms and
frequencies from 57 Hz to 18 kHz were driven through the
sample, superimposed on dc currents from zero to 40 A in
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Fig. 4. Energy losses as a function of ac current and frequency.

Fig. 5. AC losses as a function of frequency for the indicated ac current
amplitude for (a) Idc = 0 and (b) Idc = 40 A.

self-field. The measurements were performed in a temperature
range from 5.5 to 35 K. Fig. 4 shows the measured energy loss
per wire volume per cycle at 10 K as a function of the ac current
amplitude and frequency, in zero dc current. As expected, the
energy loss increases upon increasing either amplitude or fre-
quency. As depicted in Fig. 5(a), we observe a strong nonlinear
dependence of the loss on the frequency. Up to ∼1 kHz there is
a fast increase of the ac losses with frequency, crossing over to
a slow, approximately linear increase at high frequencies. This
change in the behavior suggests a crossover between two dom-
inant mechanisms of ac loss formation. These mechanisms will
be discussed in the next section.

Fig. 5(b) shows the frequency dependence of the loss with a dc
bias current of 40 A. Comparing Fig. 5(a) and (b), it is apparent
that the dc current reduces the loss significantly, namely, losses
in the presence of a dc bias current are much less than those
without dc bias. In Fig. 6, we present this loss reduction resulting
from the additional dc current and show that losses in the 40 A
dc bias case are reduced by ∼50% in comparison with the
zero dc bias case. As discussed later, this surprising behavior is
attributed to the magnetic properties of the Monel matrix.

Clearly, the ac losses depend on the ac current ampli-
tude. The higher the ac amplitude, the larger the relative loss

Fig. 6. Loss reduction [%] due to the dc current of 40 A for ac currents
amplitudes of 2, 3, 4, 5, 6 A.

Fig. 7. AC losses as a function of dc current bias and temperature for
(a) 217 Hz, 8 A ac current and (b) 16 017 Hz, 8 A ac current.

reduction (see Fig. 6). We emphasize again that we observe dif-
ferent behaviors for lower and higher frequencies ranges. This
can play a significant role in designing devices for power appli-
cation where not only grid frequencies (50/60 Hz) but also much
higher frequencies exist, like in the case of SMES or switching
modulations as PWM.

To have a clearer picture of the ac losses in the sample,
Fig. 7(a) and (b) presents the ac losses as a function of the
dc current and temperature for Iac = 8 A and two representing
frequencies: 217 and 16 017 Hz. Apparently, at low frequen-
cies [see Fig. 7(a)], the initial increase of dc current results in
a gradual decrease in the ac losses, reaching a plateau around
∼20 A. A different behavior is observed at high frequencies [see
Fig. 7(b)], where such a plateau is not reached and the decrease
in ac losses is more moderate at high dc currents. The temper-
ature dependence is also nontrivial. In both cases, we observe
higher losses for temperatures below 10 K, with a minimum at
15 K. The losses then gradually increase with the temperature
from 15 to 35 K. Since dc current levels are way below the
critical current, such a strong temperature dependence is not
expected.

Eddy currents loss per cycle increase linearly with frequency,
but the hysteresis loss in superconducting filaments is expected
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Fig. 8. Exponent b of power law-fit of the current amplitude versus frequency
for zero dc bias (squares) and 40 A dc bias (stars).

to be frequency independent [31]. Additional step of data anal-
ysis is, therefore, a power-law fit of the loss Q, Q(I) ∼ Ib , for
every frequency of the ac current both for zero and for 40 A dc
current. Fig. 8 shows the frequency dependence of the exponent
b derived from the fit versus frequency. For zero dc bias, the
exponent value is close to 3 at low frequencies, indicating mag-
netic hysteresis loss in the MgB2 superconducting filaments.
As frequency increases, the exponent decreases, indicating that
eddy currents and magnetic hysteresis losses in the Monel ma-
trix become dominant. We suggest that the eddy current losses
in the Monel are dominant at the frequency range discussed here
because of its low electrical resistivity and high permeability. A
similar conclusion, though for different materials and different
frequency ranges, was suggested also in [10] and [12].

As is clear from Fig. 8, the exponent b in the presence of 40 A
dc bias current is practically frequency independent and close to
2. This value is quite counterintuitive since magnetic saturation
of the Monel should reduce the magnitude of eddy currents and
virtually eliminate the hysteresis loss in the Monel, leaving the
MgB2 hysteresis dominant with exponent b of ∼3 (at least at
low frequencies). Further investigations of the magnetic fields
distributions and currents in the wire are necessary to explain
this behavior.

IV. SIMULATIONS

To better understand the origin of the reduction in the ac
losses, we used an FEM in COMSOL software package to
analyze a model of the wire based on similar properties and
conditions as in the experimental section. A time-dependent H-
formulation 2-D model was used. A 2-D space implies infinite
wire length. The total current in the wire is relatively small and
flows only in 18 filaments out of 36 on the outer layer of the
wire. The whole inner part of the wire is screened from the
magnetic field. Due to the symmetry, only azimuthal magnetic
field is present, which does not cross any area between the fila-
ments and thus does not produce any filament coupling effect.
This allows us to save computational time by simulating only
1/18 of the wire. The total current in the wire was taken as
Iacsin(2πft) + Idc(1 − e−5f t), where Iac and Idc are ac and
dc current amplitudes, respectively, and f is the frequency. The

Fig. 9. Time dependence of the magnetic flux density in the outer part of the
wire, for (a) zero dc, max ac current, (b) zero dc, zero ac, (c) 40 A dc, max ac,
and (d) 40 A dc, zero ac.

exponential term that multiplies Idc is required since the time-
dependent H-formulation model has to start from zero field.
The dc current was either zero or 40 A. In both cases, the ac
current was 8 Arms at 500 Hz. The simulation ran for 15 cycles
to eliminate the initial current ramping effects. The losses were
calculated only for the last cycle by surface integration of the J·E
term over all the filaments and the Monel independently. The
Monel material was described by the μ–H curve with saturation
at 0.2 T (a value obtained in independent measurements exploit-
ing a “quantum design” MPMS magnetometer at low tempera-
tures and fitting the data to μr = 1 + c1(1 − e−

−H / c 2 )/H) with
C1 = 155 600 and C2 = 905). The Monel electrical resistivity
is 3.65·10–7 Ω�m [2].

Due to the nonlinearity of the magnetization of the Monel,
the magnetic field at a specific point depends on its distance
from the filament. This led us to average the magnetic field over
the Monel area outside the filament. Fig. 9 displays the spatial
average of the magnetic flux density versus time in the outer
part of the wire for both cases during two cycles. The difference
in the flux density between maximum ac current (a) and zero ac
current (b) with no dc current is 0.11 T, while in the case of 40
A dc current (c and d), the difference is only 0.04 T.

Fig. 10 shows four snapshots of the solution for the same
points (a, b, c, d). The red-blue color code represents the current
density inside the superconducting filaments and the blue-white
code stands for the magnetic flux density in the Monel sheath.
For the convenience of the presentation, only 3 of the 18 outer
filaments are shown. In all cases, the current density is concen-
trated on the outer part of the filaments and only small portion
of the filament’s cross-section carries the current. The central
part of the wire is totally screened of currents and magnetic
fields. Electric field is induced in the metal sheath, and thus
eddy currents losses are proportional to the magnetic-field time
derivative (dB/dt). When no dc bias current flows in the wire,
the ac current causes a maximum magnetic flux density change
during the cycle due to high permeability of the Monel at low
magnetic fields. On the contrary, introducing a 40 A dc current
saturates the Monel sheath and reduces the permeability, thus
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Fig. 10. Snapshot of simulation results. RGB color code stands for current
density in the MgB2 filaments, brightness of blue stands for magnetic flux
density in the Monel. The panels describe J and B for the four cases marked in
Fig. 8, namely, (a) zero dc, max ac current, (b) zero dc, zero ac, (c) 40 A dc,
max ac, and (d) 40 A dc, zero ac. The thin blue area in (d) at the edge of the
filament corresponds to the decrease of the total current compared to (c).

reducing the magnetic flux change and the eddy current losses,
consistent with the experimental results.

At selected amplitudes and frequency, we see total domina-
tion of losses in the Monel (1.08·10–7 J/cycle) over losses inside
MgB2 filaments (2.04·10–8 J/cycle). However, we see only about
50% loss reduction in the experiment and much higher reduc-
tion in permeability when the Monel is saturated (at least ten
times). The cause of this difference might be the fact that we use
the dc permeability of the Monel in the model. Ferromagnetic
materials behave differently when ac magnetic fields are present
especially at low temperatures. As was shown in [3], the Monel
used in MgB2 wires has its own hysteresis losses. In fact, a
frequency-dependent hysteresis mechanism in the Monel is in-
volved, reducing the effective ac permeability of the material
and introducing additional losses [4].

V. SUMMARY AND CONCLUSION

We presented the first results of ac loss measurements of
MgB2 wires for frequencies up to 18 kHz, exploiting a recently
built novel system that enables a superposition of dc and ac
currents in the sample while eliminating the electromagnetic
interference of the cryostat. The measurements and the accom-
panying simulations have shown a significant loss reduction due
to dc current. This effect originates from the magnetic satura-
tion of the Monel sheath by high dc current that results in a
pronounced reduction in the eddy currents.

For validation of the experimental result, a finite element
model has been built. The simulation clearly shows the satura-
tion of the Monel in the outer area of the wire, resulting in a
reduction in the magnetic flux change during the ac cycle, and
hence a reduction in the eddy currents.

Based on our experimental results and simulations, we con-
clude that under operating conditions typical of SMES, it is im-
portant to minimize the use of the magnetic matrix and search
for alternatives to the Monel. Resistive and nonmagnetic matrix
is preferable for applications utilizing high frequency switching.
If the Monel is still used, it is crucial to magnetically saturate
the matrix in all parts of the wire.
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