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ABSTRACT Previous studies on magnetization AC loss of high temperature superconducting (HTS) coated
conductors (CCs) taken into account the ideally sinusoidal external magnetic field, or non-sinusoidal by
considering only the harmonics in phase with the fundamental component. However, realistically magnetic
field often contains harmonics with different phase angles and amplitudes. In this paper, magnetization AC
loss in HTS CC was studied, considering the phase angle ¢ of each harmonic; assuming superconductor is
subjected to external magnetic field which is distorted by the 3™ and the 5 harmonics. Phase angle of each
harmonic was considered in the range of 0 to 7 and amplitude of fundamental magnetic field, was assumed
as 10, 20, 50, and 100 mT. Different distortion level of magnetic field was considered too. It is concluded
that phase angle of field harmonic has a significant effect on magnetization loss of HTS CCs.

INDEX TERMS External magnetic field, harmonic phase angle, HTS coated conductor, magnetization AC

loss.

I. INTRODUCTION

Large scale power applications of high temperature super-
conductors (HTS) have attracted tremendous attention in
recent decades thanks to their advantages such as high
current-carrying capacity, and low losses, for the cryo-
electrification in both grid and specially in transportation
systems, including rail, marine, and aviation applica-
tions [1]-[7]. HTS coated conductors (CCs) in these appli-
cations are mostly exposed to external magnetic field, which
is ideally expected to be purely sinusoidal [7], [8]. Mag-
netic field is intermediary of the energy conversion in most
of large-scale power applications such as superconducting
rotating electric machines. The essence of magnetic field
in a rotating electric machine could be non-sinusoidal, due
to [9]-[12]: 1) coil/winding distribution in the machine stator,
2) manufacturing tolerances in the construction and assembly
process, 3) occurrence of mechanical faults, such as bearing
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wearing, or dynamic and static eccentricity faults. In such
cases, the magnetic field would not be purely sinusoidal and
thus, will contain harmonics. Such distorted magnetic fields
cause extra losses in different parts of the machine, from
core to HTS coils/windings [10]-[14]. It is vital to precisely
estimate the magnetization AC loss in HTS CC under nonsi-
nusoidal external magnetic field in order to develop reliable
superconducting application, in particular, for sensitive appli-
cations such as electric aircrafts or fusion reactors [14].

In [10], authors studied the effect of harmonic amplitude
as well as magnetic field dependency of critical current
density on harmonic magnetization loss for ReBCO tapes.
In [15], authors explored the AC loss in an HT'S coil for wind
turbine generators experimentally, under different DC field
with AC ripples. In [16], [17], AC loss in HTS strip under
nonsinusoidal current and magnetic field was formulized
analytically, only considering harmonic amplitude. In [18],
authors studied the total AC loss in a Bi-2223/Ag tape by
considering a phase shift between sinusoidal magnetic field
and sinusoidal transport current. In [19], [20], AC losses in
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a circular HTS double pancake coil under three different
nonsinusoidal current/magnetic fields, including saw-tooth,
triangle, and square waveforms, were measured and modelled
considering the effect of amplitude, orientation angle, and
frequency of applied waveforms.

There is a gap in addressing the dependence of magnetiza-
tion loss in HT'S CC on the phase angle of harmonics of exter-
nal magnetic field in literature [10]-[21]. Our previous study
observed a drastic transport AC loss variation when the cur-
rent harmonic introduced at different phase angles [22]-[23].

In this work, we carried out comprehensive numerical
calculations to investigate the magnetization loss in HTS CC
subjected to distorted external magnetic field with the 3™ and
the 5™ harmonic orders at different phase angles ranging from
0 to 2. The amplitude of fundamental magnetic field varies
from 10, 20, 50, and 100 mT. The effect of distortion level of
different harmonic orders on magnetization loss in HTS CC
was also discussed.

Il. MODELLING METHOD

Numerical calculations were implemented in COMSOL Mul-
tiphysics using 2D finite element (FE) approach, by means
of H formulation method [24]-[29]. Two independent vari-
ables were implemented in the model, H = [H,, Hy]T, where
Hy and Hy are parallel and perpendicular magnetic fields,
respectively. E-J power law, as seen in (1) was used to
characterize the nonlinear relation of local electric field E and
local current density J in HTS CC [24], [25]:

E/J = (Eo/J. (B) (J/J. BT (1

where B is magnetic field, Eg = 1 uV/cm, n is the constant
derived from V-I characteristic, and J.(B) is the critical
current density dependence on external magnetic field. Here,
a modified Kim model was adopted, as expressed in (2). J¢o
is the self-field critical current density. The k, «, and By are
curve fitting parameters picked up from [30], [31].

T.(B) = J. (1 n (k2B§ n B}%) / Bg) - )
The governing equation is as follows:
dopnrH)/3t+V x (pVxH) =0 3)

In the model, parallel magnetic field was set to O,
H, = 0; perpendicular magnetic field with harmonic com-
ponent, Hy(t), has been applied as formulated in (4),

B B
Hy (1) = M—(l)sin Qrft) + M—;THDk sin Qrkft + o) (4)

In this model, f = 50 Hz was considered. THD; was
defined to denote the distortion level of external magnetic
field caused by each harmonic component, THD; = By /B1,
where k is the order of magnetic field harmonic, k = {3, 5};
and THD; = {0.02,0.05,0.1,0.15, and 0.2} were considered
in this paper, i.e. THDy % = {2, 5, 10, 15, and 20} %. Byy is
amplitude of each harmonic magnetic field and B represents
the amplitude of fundamental external magnetic field; here,
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TABLE 1. Specifications of HTS coated conductor.

Parameter Value
Manufacturer SuperPower
Thickness of superconducting layer (#s), um 1
Width of tape (Wiape), mm 4
Thickness of tape (fupe), mm 0.095
Critical current (I0) @ 77K, A 86
E-J power law factor (n) 30
Characteristic electric field (Eo) @ 77K, uV/em 1
Stabilizer material Copper
Substrate material Hastelloy

B = {10, 20, 50, and 100} mT. It is worthwhile to mention
that the phase angle ¢y of each magnetic field harmonic varies
from O to 27 (i.e., 0° to 360°), here k = {3, 5}. The effect
of phase angle of harmonic on magnetization AC losses was

characterized by every 10 degrees, i.e. g = {O :10°:360 }

Ill. HARMONIC MAGNETIZATION AC LOSS: RESULTS
AND DISCUSSIONS

A 4-mm wide SuperPower tape was chosen to calculate the
magnetization loss under distorted external magnetic fields.
The main specifications of this tape are tabulated in Table 1.

A. EFFECT OF HARMONIC PHASE ANGLE ON
MAGNETIZATION AC LOSSES

Fig. 1(a) and Fig. 1(b) illustrate the net external magnetic
field per unit (P.U.) containing the 3" and the 5™ harmon-
ics, respectively, at ¢ = {0, 90°, 180°}, compared with
the pure sinusoidal magnetic field. In Fig. 1(a), the peak
value of nonsinusoidal external magnetic field, Apems, has
changed when ¢3 varies, and it follows Apemf,g3=180 >
Anemf,(p3=90 > Anemf,sine > Anemf,<p3=0' In Fig. 1(b),
there exists Apemf,p5=0 > Anemf,<p5=90 > Anemf,sine >
Anemf,p5=180-

Fig. 2(a) and Fig. 2(b) show the magnetization AC loss
in HTS CC subjected to the external magnetic field which
is distorted by the 3" and the 5" harmonic, respectively,
at THD = 0.05 and B; = {10, 20, 50, 100} mT, plotted
versus phase angle of harmonic magnetic field ¢. It has been
observed in both Fig. 2(a)-(b) that, magnetization AC loss in
HTS CC drastically increases with the increase of By, at a
fixed THD value.

Figs. 3(a)-(d) report calculated magnetization AC losses in
HTS CC subjected to nonsinusoidal external magnetic field
with the 3 and the 5™ harmonics, respectively, at THDy =
0.05 for By = {10, 20, 50, and 100 mT}, plotted against ¢
and compared with AC loss of sinusoidal external field, Qgine.
There are several phenomena observed from Fig. 3:

1) In Figs. 3(a)-(d), magnetization loss in HTS CC dif-
ferent @3 follows: Q314 p3=180 > O3rd,p3=90 > O3rd,sine >
031d,3=0, Which aligns well with the peak value of nonsinu-
soidal external magnetic field, Apems, as shown in Fig. 1(a).
Similarly, magnetization loss in HTS CC at different @5
follows: Osth,p5=0 > O5th,95=90 = O5th,sine > O5th,5=180,

77931



IEEE Access

M. Yazdani-Asrami et al.: Magnetization Loss in HTS CC Exposed to Harmonic External Magnetic Fields

—&— Sine |

/

0.003
(a) The 3rd harmonic included

Net nonsinusoidal external magnetic fields
with harmonic component at different phase angles (P.U.)

1.0+ : : : —E—S(:ne
Y ——0
- I - - —4-90°
o A
0.5+ 7 e
0.003 0.007
(b) The 5th harmonic included ‘\
0.000 0.005 0.010
Time (s)

FIGURE 1. Net external magnetic field waveform distorted by harmonics
at ¢ = {0, 90°, 180°}, plotted together with sinusoidal external magnetic
field. (a) The 3'd harmonic included (b) The 5th harmonic included.
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FIGURE 2. Magnetization AC losses in HTS CC subjected to nonsinusoidal
external magnetic field with different fundamental magnetic field
amplitude, plotted against phase angle of field harmonics: the 379, and
the 5th, at THD = 0.05.

which agrees with the peak value of nonsinusoidal external
magnetic field, Apemf, Shown in Fig. 1(b). This is to say, mag-
netization AC loss under nonsinusoidal external magnetic
field is dependent on the peak magnitude of the nonsinusoidal
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FIGURE 3. Magnetization AC losses in HTS CC subjected to sinusoidal
external field and nonsinusoidal external magnetic field with the 37, and
the 5" harmonics at THDy, = 0.05 but different B, values, plotted against
phase angle.

external magnetic field, Apems. As the magnetization loss is a
hysteresis type loss.

2) When an HTS CC is exposed to nonsinusoidal external
magnetic field with the 3" harmonic (or the 5™ harmonic)
at a given Bp, magnetization loss, O, changes at different
@ value. When the 3" harmonic was superimposed on the
fundamental magnetic field, Qn, reaches the minimum at
@3 = 0° and it reaches the maximum at ¢3 = 180°. Q, is
higher than Qgine when 80° < ¢3 < 280°, while it is lower
than Qgine when 0° < @3 < 80°, and 280° < ¢3 < 360°. This
is due to the fact that phase angle of 3" harmonics changes
the peak of the net external magnetic field. However, when the
5™ harmonic was superimposed on the fundamental magnetic
field, O, reaches the minimum and maximum value at g5 =
180° and @5 = 0°, respectively. Oy, is higher than Qe when
0° < @5 < 120°, and 240° < ¢5 < 360°, while it is lower
than Qgine When 120° < @5 < 240°.

3) It has been observed in Figs. 3(a)-(d) that, O, in HTS
CC drastically increases with the increase of By, at a fixed

VOLUME 9, 2021
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FIGURE 4. Instantaneous loss in HTS CC subjected to nonsinusoidal

external magnetic field at B; = 10 mT, THD;, = 0.05, and ¢ = {0, 90°,
180°}. (a) The 3'd harmonic included (b) The 5th harmonic included.

THD = 0.05. When Bj increases from 10 to 100 mT, Qy, in
HTS CC subjected to nonsinusoidal magnetic field with the
3" harmonic increases by 110 times, and 85 times for the case
of the 5™ harmonic.

Fig. 4 and Fig. 5 plot and compare instantaneous losses
in HTS CC exposed to the harmonics at lower and higher
B1, 10 mT and 100 mT, respectively, at ¢x = {0°, 90°,
180°} and THDy = 0.05. It is well known that AC loss is
the integral of instantaneous loss over one period of applied
external magnetic field. In Fig. 4, the maximum amplitude of
instantaneous loss in case of the 5™ harmonics are slightly
higher than that of the 3" harmonics. Two dominant peaks
are observed in instantaneous loss profile resulted from dis-
torted external magnetic field containing the 3" harmonic,
while there are three dominant peaks in the 5™ harmonic
case.

The maximum peak of instantaneous AC loss in case of
the 3" and the 5™ harmonics belongs to 3 = 180° and g5 =
90°; but the integration of instantaneous AC loss in one period
is the highest at ¢3 = 180° and ¢s5 = 0° for 3 and 5t
harmonics, respectively.

In Fig. 5, the amplitude of peaks of instantaneous loss has
substantial improvement when B rises from 10 mT from
100 mT. The peaks are slightly higher for the 5™ harmonics
compared with the 3'¢ harmonic. At higher external magnetic
field, the peak at ¢ = 0° is always higher than others in
both the 3" and the 5™ harmonic cases. But the integral of
instantaneous loss (area under curve) reaches the maximum
for the 3™ harmonic when ¢ = 180°, and for 5™ harmonic
when ¢ = 0°.
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FIGURE 5. Instantaneous loss in HTS CC subjected to nonsinusoidal
external magnetic field at B, = 100 mT, THD; = 0.05, and ¢ = {0, 90°,
180°}. (a) The 3" harmonic included (b) The 5t harmonic included.

B. EFFECT OF THD ON HARMONIC MAGNETIZATION AC
LOSSES

Fig. 6(a) and Fig. 6(b) plot J/Jc distribution along the width
of an HTS CC which is exposed to nonsinusoidal external
magnetic field with the 3'¢ and 5™ harmonics, respectively,
at By = 10 mT and THD = {0.05, 0.2}. In Fig. 6(a), a bigger
penetration depth was found at ¢3 = 180° than ¢3 = 0°,
both at THD3 = 0.05 and 0.2. This is consistent with AC
loss behavior shown in Fig. 3 that minimum and maximum
Om occurs at g3 = 0° and 180°. While at a given @3 value,
more J is penetrated in HTS CC at THD3; = 0.2, compared to
THD3 = 0.05.

In Fig. 6(b), there is less J penetrated into the HTS CC at
@5 = 180° than ¢5 = 0°, both at THDs = 0.05 and 0.2. This is
also in agreement with AC loss behavior shown in Fig. 3. Ata
given ¢s value, more J is penetrated in HTS CC at THD3; =
0.2, compared to THD3 = 0.05.

Fig. 7(a) and 7(b) report magnetization AC losses in HTS
CC exposed to nonsinusoidal magnetic field with the 3" and
the 5 harmonics included, respectively, at fixed By = 10 mT
but different THDy values ranging from 0.02 to 0.2, plotted
against phase angle of harmonic, and compared with Qg;pe.-
Some phenomena/findings were found in Fig. 7:

1) AC loss in HTS CC exposed to nonsinusoidal magnetic
field with the 3" harmonic always reach the minimum at
@3 = 0° and the maximum at ¢3 = 180°, at different THD
values and By = 10 mT. AC loss in HTS CC exposed to
nonsinusoidal magnetic field with the 5™ harmonic always
reach the minimum at ¢3 = 180° and the maximum at
@5 = 0°, at different THD values and By = 10 mT.
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FIGURE 6. J/J distribution along the width of HTS CC exposed to
nonsinusoidal external magnetic field at B; = 10 mT and different THD
level. (a) The 3" harmonic included (b) The 5t harmonic included.
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field harmonics. (a) The 3rd harmonic included (b) The 5th harmonic
included.

2) Q31d,p3=0 and Q3g,93=180 are THD dependent, i.e.,
0314, p3=0 reduces with the increase of THD and Q34,43=180
increases with the increase of THD, when THD varies from
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0.02 to 0.2. On the other hand, Qs y5-=0 and Qs p5=180 are
THD level dependent too, i.e., Qs 5=0 increases with the
increase of THD and Qs o5=180 reduces with the increase
of THD, when THD varies from 0.02 to 0.2.

Fig. 8 reports the instantaneous AC loss of tape exposed
to external magnetic field with the 3™ and the 5™ harmonics
at THD = 0.2 and By = 100 mT. The amplitude of peaks
of instantaneous AC loss have been increased as compared to
those in Fig. 4 when THD = 0.05 and B; = 100 mT. However,
the number of peaks in instantaneous loss distorted by the
5% harmonic is more obvious in THD = 0.2, as compared
with THD = 0.05. Another interesting observation is that the
number of peaks in THD5 = 0.2 is higher that THD5 = 0.05.
It is because of higher fluctuation and distortion caused by
the 5™ harmonics.

C. EFFECT OF n-VALUE AND B-DEPENDENCY OF CRITICAL
CURRENT DENSITY ON HARMONIC MAGNETIZATION
AC LOSSES
As shown in Fig. 9, calculated magnetization losses of a
single coated conductor get slightly increased around 2.1%
when n-value decreases from 30 to 20, at THDs = 10%,
B1 =20 mT, and any phase angle. This is due to the fact that
with a larger n-value, the E-J curve get steeper, approaching
to critical state model. Actually, n-value, as a good indicator
of the E-I resistive transition, shows that a larger n-value
indicates the improvement of /. of the superconductor, which
leads to slightly lower AC losses [32].

In order to demonstrate the effect J.(B) dependence on the
nonsinusoidal AC losses, we carried out another calculation
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with constant J. = J, the self-field critical current density.
The case study was done at By = 20 mT, THD5s = 10%.
In Fig. 10, magnetization loss of a single coated conductor
calculated by considering J.(B) is always larger than that cal-
culated by considering constant J., at By = 20 mT, THDs =
10% and any phase angle. It is roughly estimated that the
effective penetration field of the superconductor at self-field
77 K is 21.2 mT. When the J.(B) effect is considered, J;
under external magnetic field will be degraded and thus,
the penetration field will decrease, accordingly. In this case
study, we chose 20 mT as the external magnetic field, which
is smaller than the penetration field calculated by self-field
Jo [33]. Therefore, when constant J. is considered in the
calculation, magnetization loss would be underestimated.

IV. CONCLUSION

In this paper, we carried out a series of numerical calculations
to study the nonsinusoidal magnetization loss in HTS CC
exposed to external magnetic field polluted with the 3™ and
the 5 harmonic components, at various harmonic phase
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angles ¢ ranging from 0° to 360° and different amplitudes
of fundamental magnetic field B, and harmonic distortion
level, denoted by THD, was chosen to be 0 to 0.2.

Magnetization loss in HTS CC under nonsinusoidal mag-
netic field with the 3" harmonic meets the minimum and
maximum at ¢3 = 0° and @3 = 180°, respectively, at a
fixed B and THD values. On the contrary, magnetization loss
in HTS CC under nonsinusoidal magnetic field with the 5%
harmonic reaches the minimum and maximum at ¢5 = 180°
and @5 = 0°, respectively. This is due to the compensation
effect of magnetic field waveforms and the maximum peak
of resultant nonsinusoidal magnetic field waveforms roughly
dominates the AC loss.

Magnetization loss in HTS CC under external magnetic
field with the 3™ or the 5™ harmonic drastically increases
with the increase of By, at a fixed THD in the range of O to
0.2 and a fixed phase angle in the range of 0° to 360°, due to
deeper magnetic field penetration in HTS CC.

At a fixed B; and phase angle, magnetization loss in
HTS CC under external magnetic field with the 3" or
the 5™ harmonic increases proportionally with the increase
of THD.
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