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Solenoid Coils Carrying Nonsinusoidal Currents
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Yuan

Abstract— Application of high temperature superconducting
devices become promising in power networks, and transportation,
including ship, train and electric aircraft propulsion systems, with
the advantages of light weight, compact size, and high efficiency,
compared to conventional devices. In reality, electric networks -
either in grid or transportation propulsion system - are polluted
with harmonics due to the widespread use of power electronic
devices and nonlinear loads. It is essential to explore the
dependency of harmonic AC losses of different coil configurations
carrying non-sinusoidal current. We modelled and compared
harmonic AC loss behaviors in three coil configurations, single
pancake coil (SPC), double pancake coil (DPC) and solenoid coil
(SNC), where SPC and SNC are wound by identical wire length
and DPC has twice conductor number compared to SPC. The
research work has been carried out by means of H-formulation
finite element method in a 2D axisymmetric modelling
environment of COMSOL Multiphysics. We explored and
reported AC losses in these three coil structures carrying non-
sinusoidal current with the 3'¥ and the 5% harmonic orders,
respectively, under different total harmonic distortion (THD) and
fundamental current levels. It has been concluded that AC loss in
these coils firstly decreases with the increase of the 3'4 harmonic
content, when THD of the 3" harmonic < 0.2; and increase with
the increase of the 3™ harmonic when THD >0.2. AC loss in coils
monotonically increases with the increase of the 5" harmonic,
drastically. We found that AC loss in SPC carrying the 3t
harmonic and the 5™ harmonic at different THD are more than
3.8 times of that in DPC; AC loss in SPC carrying either 3 or 5t
harmonics at different THD are around 4.5 times of that in SNC.

Index Terms— AC loss, H formulation, nonsinusoidal currents,
single pancake coil, double pancake coil, solenoid coil.

I. INTRODUCTION

LARGE scale  applications of high temperature
superconductor (HTS) in generators, motors, transformers,
fault current limiters (FCLs) and superconducting magnetic
energy storage (SMES) have been practically demonstrated and
installed in power networks, or proposed for transportation
propulsion systems of ship, train and electric aircraft [1-3]. AC
loss estimation in superconducting coils/windings is one of the
key aspects in design and development stage, in terms of
efficiency constraints of these HTS applications. In reality,
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power network is polluted with harmonics due to widespread
use of power electronic-based speed control devices, non-linear
loads, induction or arc furnaces as well as lighting systems [4-
5]. On the other hand, AC/DC converters are utilized in the ship,
train and electric aircraft propulsion systems which would
supply the current to superconducting AC machines in them.
Moreover, ripple exists along with sinusoidal current or
magnetic field in some applications [6-8]. Therefore,
superconducting coils will carry distorted currents in all of
aforementioned cases and so then, it is critical to calculate
accurate AC loss in HTS coils considering harmonic currents.
There are several published articles in literature, reporting the
effect of harmonic components on AC loss in superconducting
tape or coils, analytically or experimentally [6-19]. In [9], an
analytical method based on Bean’s model is presented in order
to calculate the AC loss of superconducting strips carrying
higher order harmonic currents. It has shown that 5% harmonic
can increases the AC loss by 20%. In [10], authors used critical
state model for calculating AC loss numerically-analytically
under 3™ harmonic and concluded that at currents close to
critical current, 5% third harmonic can increases the AC losses
by 90%. In [11], AC loss of a Bi2223 tape was measured
experimentally under distorted current and magnetic field. In
[12], AC loss of a racetrack coil has been measured under high
frequency nonsinusoidal currents with trapezoidal and
triangular waveform. In [13], finite element modelling (FEM)
using T-A formulation has been implemented to calculate the
AC loss of a superconducting power cable carrying harmonic
current. In [14-15], AC loss of a circular HTS pancake coil
carrying currents with saw-tooth, triangle, and square
waveforms has been calculated and measured. The effect of
harmonic amplitude and frequency on AC loss has been
studied. In [16], AC loss in HTS current lead under an arbitrary
nonsinusoidal current waveform has been measured. Authors
proposed two different types of current leads and compared
their AC loss under harmonics in order to find the efficient
solution. In [17], effect of high order current harmonics on AC
loss of a traction transformer winding have been studied. In
[18], AC loss of HTS stack under nonsinusoidal currents have
been calculated for FCL applications. The results shown that
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harmonic currents substantially increase the AC loss, which
needs to be considered in design stage of FCLs.

Up to now, there is no literature comparing the effect of
harmonic current order and amplitude on AC loss in different
coil structures. In this paper, a 2D axisymmetric numerical
model has been developed in COMSOL Multiphysics based on
H formulation to calculate AC loss of different types of coils
under nonsinusoidal currents. AC loss results in single pancake
coil and solenoid coil, wound by identical tape length, carrying
current distorted by 3™ and 5* harmonics with different level of
total harmonic distortion (THD) were calculated and compared.
We investigated and compared AC losses in single and double
pancake coils carrying harmonic components at different
fundamental current and THD levels. The influence of pitch
length on AC loss of solenoid coil is also studied.

II. CALCULATION METHOD

A. H-formulation

Finite element (FE) calculation was carried out in a 2D
axisymmetric model in COMSOL, by means of H formulation.
Structured mesh was implemented in superconductor region to
achieve a faster computing speed [19]. There are two
independent variables in model, H = [H,, H,]", where H; and H,
are radial and axial magnetic fields, respectively.

The E-J power law (1) was used to express the highly
nonlinear relation of local electric field E and local current
density J in superconducting area, as follows.

E/] =(Eo/].(B)) U/J.(B) )" (1

Where Eo = 1 pV/em, n = 25 is the power factor constant
derived from V-I characteristic, and Jc(B) is critical current
density dependence on external magnetic field, here a modified
Kim model was adopted, as expressed in (2). Jeo is the self-field
critical current density. The k, a, and Bo are curve fitting
parameters as 0.41, 0.24, and 41 mT, respectively [18, 20].

JeB) = Jeoo(1+ (k?BZ + Bf)/B§)™“ 2

By combining Farady’s law (3), Ampere’s law (4), Ohm’s
law (5), and constitutive law (6), the governing equation (7) is
derived, in the form of partial differential equation. By adding
the two variables H: and H; into (7), we obtained (8).

VxE=-0B/dt 3)
VxH=] 4

E=pJ &)

B=pou H (6)

(o iy H)/ 0t +V x (pVxH)=0 (7)
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Transport current at any time, /i, was given by the integration
of current density at corresponding time, J(f), on the cross-
section area S of superconducting layer, as shown in (9):

Ir=Jg J(t) dS )

To impose an unequivocal transport current in the conductor,
integral constraint is used, so that the current with different
harmonic distortions can be specified by function of time.
Transport AC loss of superconducting coil, with unit of
J/m/cycle, can be calculated by (10):

Q=2/TT/2/5 E-J dSdt (10)

Where T is the period of one cycle of applied current.

B. Finite element modelling of the three coils

In order to explore the effect of harmonic distortion on AC
loss of different coil structures, we modelled three coils, single
pancake coil (SPC), double pancake coil (DPC) and solenoid
coil (SNC), where SPC and SNC have identical wire length. All
these coils are modelled with 4 mm-wide SCS4050 SuperPower
wire with specifications listed in Table 1. Fig. 1 shows the
schematic of three coils in modelling process. Rectangular air
region was used. Inner diameter of all three coils is 80 mm.
Geometrical specifications of the coils are tabulated in Table II.
Kapton tape was considered as insulation between two adjacent
turns of coil in model and the thickness of Kapton, #kap, is 100
pum.

Table I Specifications of HTS coated conductor

Item Value
Manufacturer SuperPower
Tape ID SCS4050
Width of conductor (wsc), mm 4
Thickness of conductor (tsc), mm 0.1
Thickness of superconducting layer, yum 1
Substrate Hastelloy
Thickness of substrate, ym 50
Stabilizer Copper
Thickness of stabilizer, mm 0.04
Critical current (I.) @ 77K, self-field, A 86

Table II Geometrical specifications of three modelled HTS coils

Items SPC SNC DPC

Turn number 5 5 10
Inner diameter (D), m 0.08 0.08 0.08
Wire length, m 0.63 0.63 1.28
Thickness of Kapton, (fkap), Hm 100 100 100
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Fig. 1. Schematic of the 2D axisymmetric model of three coils. (a) SPC, single
pancake coil (b) DPC, double pancake coil (¢c) SNC, solenoid coil. (not to scale)
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Fig. 2. Waveforms (half a cycle) of applied nonsinusoidal current flowing
through HTS coils. (a) Waveforms of each harmonic component separately (b)
Waveforms of resultant applied current distorted by different harmonic
components.

C. Nonsinusoidal current spectrum

It is well-known that amplitude of harmonics decreases in
higher orders and it is worthwhile to note that there is no even
harmonics in symmetric electrical power network. Thus, the
most significant harmonics after the fundamental order would
be the 3™ and the 5™ harmonics. Fig. 2(a) illustrates the
fundamental sinusoidal current waveform per unit (p.u.), the 3™
and 5™ harmonic current waveforms with amplitude of In3/Ini
and Ihs/Ini ranging from 5% to 40%. Here in this study,
frequency of fundamental current harmonic is 50 Hz; Ihs, Ins, In1
indicate the amplitude of the 3™ harmonic current, the 5%
harmonic current and fundamental current, respectively. We
define Ina/In1 and Ins/Ini as total harmonic distortion, THD.

Fig. 2(b) plots the distorted current waveforms, by adding
one harmonic current, 3" or 5™ order, with a certain amplitude

to the fundamental current; i.e. the “Ini + 5% In3/Ini” means the
3" harmonic with Iu3/Ini = 5% added to the fundamental current.

When ©i/Tni= 5%, 10%, and 20%, the maximum amplitude

(peak to peak) of distorted current carrying the 3™ harmonic is
smaller than that in sinusoidal current. But, more peaks
occurred at Ih3/Tni= 40%, as observe from Fig. 2(b).

The maximum magnitudes (peak to peak) of distorted
currents carrying the 5% harmonic are larger than that of
sinusoidal current. With the increase of Ins/Ini, the maximum
value of distorted current increase accordingly.

It is worthy to point that the THD of distorted current
carrying either the 3™ or 5% harmonic are considered as 5%,
10%, 20% and 40% in simulations, which reasonably covers the
THDs of both industrial and domestic nonlinear loads in real
world applications.

III. RESULTS AND DISCUSSIONS

In this section, simulation process for different case studies
of nonsinusoidal current were presented. Then, the calculated
nonsinusoidal AC loss results for different coil configurations
were discussed. The nonsinusoidal AC losses are calculated at
different THDs, carrying current levels, and different harmonic
orders.

In this paper, all simulations were solved by a computer with
these configurations: Intel Core i7-5500U 2.4 GHz CPU 8 GB
RAM.

A. AC loss analysis in pancake coils carrying sinusoidal and
nonsinusoidal currents

Fig. 3(a) reports AC losses in SPC carrying nonsinusoidal
currents with the 3" harmonic, as a function of In3/Ini = 0, 5%,
10%, 20%, and 40%, at In/lc = 0.1, 0.2, 0.3, 0.4, and 0.5,
respectively. We observed that AC loss in SPC always reaches
the minimum at /n3/In1 = 20%, when Ini/I. varies from 0.1 to 0.5.

When 0% <Iw/Ini < 20%, AC loss in SPC decreases with the

increase of the 3 harmonic content. When 20% < In3/Ini < 40%,

AC loss in SPC increases with the increase of the 3™ harmonic
content. The AC losses at Ih3/Ini= 20% is relatively 40% less
than value of sinusoidal loss at different carrying current levels.

When In/Ini = 40%, nonsinusoidal AC loss is about 5%
higher than sinusoidal AC loss. It is worthy to note that at a
certain Ina/In1, AC loss in SPC increases with the increase of
Ini/Ic. Fig. 3(b) reports AC losses in SPC carrying nonsinusoidal
currents with the 5™ harmonic, as a function of In/In=0, 5%,
10%, 20%, and 40%, at In/l=0.1, 0.2, 0.3, 0.4, and 0.5,
respectively. AC loss in SPC carrying the 5% harmonic
increases monotonically with the increase of Ins/Ini ranging
from 0% to 40%, when Ini/I. varies from 0.1 to 0.5. At a certain
Ins/Tni, AC loss in SPC increases with the increase of Ini/l,
which is similar as when carrying the 3™ harmonic. The
nonsinusoidal AC loss caused by 5" harmonic increases 16%,
37%, 88%, and 185% respect to sinusoidal AC loss, at Ihs/Ini=
5%, 10%, 20%, and 40%, respectively.

Fig. 4(a) and 4(b) show instantaneous losses in SPC carrying
3" and 5™ harmonic currents with different THDs, respectively,
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at Ini/Ic = 30%. AC loss is the integral of instantaneous loss over
one period of applied current.
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In Fig. 4(a), the peaks of instantaneous loss in case of the 5
harmonics are much higher than that with the 3™ harmonics, i.e.
it is 4x higher in average over different THDs. Two dominant
peaks were observed in instantaneous loss profile resulted from
distorted current containing the 3™ harmonic, while there are
three dominant peaks in the 5™ harmonic case. Another
interesting observation is that the amplitude of peaks is always
increasing with THD of distorted current in case of the 5%
harmonic. However, the minimum peaks of instantaneous loss
in SPC carrying currents distorted by the 3™ harmonics occur at
THD= 5%, rather than 20%. It is worthwhile to mention again
that it is not the peak value of instantaneous loss which
determines AC loss in coils, but the integral of instantaneous
loss over a cycle. For example, the peak of instantaneous loss
when current carrying the 3™ harmonic with THD= 20% is
higher than that in sinusoidal current, but the integral of
instantaneous loss carrying the 3™ harmonic with THD= 20% is
smaller than that of sinusoidal current.

To further explain AC loss behavior in SPC carrying 3™ and
5™ harmonics at different THD, radial magnetic flux density (Br)
and resistivity distribution along a hypothetical line crossing
center of the innermost tape in SPC were plotted in Fig. 5 and
Fig. 6, respectively, at Ini/Ic = 30% and ¢t = 0.015s. In Fig. 5(a),
it has been observed that the order of penetration depth, dp, in
innermost tape of SPC carrying distorted current by the 3%

harmonic with different THDS iS dp(the 3rd, THD = 40%) > dp,the 31d,

THD = 0%) > dp,(the 3rd, THD = 5%) > dp(the 3rd, THD = 10%) > dp,(the 3rd, THD =
20%). For the 3™ harmonic, penetration depth reaches the
minimum when THD = 20%, which shows good agreement
with the AC loss behavior of nonsinusoidal current carrying 3
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harmonic. In Fig. 5(b), the order of penetration depth, dp, in
innermost tape of SPC carrying distorted current by the Sth

harmonic with different THD is dp,(the 5th, THD = 40%) > dp,(the 5th, THD

=20%) > dp(the 5th, THD = 10%) > dp(the 5th, THD = 5%) > dp,(the 5th, THD = 0%).

Again, the penetration depth of distorted current with 5%
harmonic at different THD agrees with AC loss behavior.

Resistivity of the superconducting layer of tape which is
actually proportional to AC loss, must be higher in the tape ends,
as it is depicted in the Fig. 6. In both Fig. 5 and Fig. 6, the radial
flux density and resistivity at the tape ends increase by THD
increment when current is distorted by 5% harmonic, i.e. Br is
much higher when carrying current contains 40% 5" harmonic,
compared with sinusoidal current, and therefore the resistivity
of superconducting layer shows the same behavior pattern. But
in case of distorted current with 3" harmonic, the B: and
resistivity both decrease with THD increment.

Fig. 7(a) and 7(b) show nonsinusoidal AC losses versus THD
in DPC carrying 3™ and 5" harmonics, respectively, at different
carrying current levels. In Fig. 7(a), AC loss in DPC shows a
similar trend to that in SPC carrying the 3 harmonic, i.e., AC
loss in DPC caused by the 3™ harmonic has a minimum at
THD= 20%. However, in terms of the amplitude of AC loss,
losses in the DPC is always about 3.5x to 4.5x higher than those
of SPCs at Ini/Ic ranging from 0.1 to 0.5 and THD ranging from
0% to 40%. On the other hand, AC loss in DPC carrying Ih3/Ini=
20% at any Ih/I. is about 65% of that carrying sinusoidal
current. In Fig. 7(b), AC loss in DPC increases with the increase
of the THD of the 5™ harmonic. Losses in DPC carrying the 5
harmonic at THD = 5%, 10%, 20%, and 40% have increased
16%, 36%, 84%, and 224% compared to that carrying
sinusoidal current, respectively.

T T T
(@)
-15 -
2500 The 3rd harmonic THD = 00
Il =03 Laleiciory
. h1'le ——THD = 10%
6x10 Single pancake THD =
g —— THD = 40%
T 4x10™
(5]
>
o
2 2x10™ + i
°
=}
= 0 [ : . o
9]
e 6x10™ . . l
% (b)
E The 5th harmonic
£ ax10™t yfl; = 03
@ Single pancake b
3
x
2x10™
0k
0.000 0.001 0.002 0.003 0.004

Tape Width (m)
Fig. 6. Resistivity distribution across innermost tape in SPC carrying distorted
current at /n1/Ic=30% and THD ranges from 0 to 40%. (a) with the 3" harmonic
(b) with the 5" harmonic

107 —
—a— /4 /1.=0.1

—— /lC =0.2

'\o\.\./’

10 F —A— 1 /1,=03 |
(@) —— 14 /1,=05
10-5 T\.\-\ - 1 1
0.0 0.1 0.2 0.3 0.4
Ih3/ Inq

AC loss in double pancake coil (J/m/cycle)
3 3 3

-
o
IS

1
0.0 0.1 0.2 0.3 0.4

10° .

I/ Th1
Fig. 7. AC loss results in DPC carrying harmonic current components versus
THD at different Ih1/lc ranges from 0.1 to 0.5. (a) carrying the 3™ harmonic (b)
carrying the 5™ harmonic

0.25 T
@) ——THD=0
020l The 3rd harmonic —e—THD=5% |
| =03 ——THD = 20%
Double pancake
0.15 4

o
a
o

od

AWAN

1.00

(b)
The 5th harmonic
4/, =0.3 b
Double pancake

0.75 |

Instantaneous loss (Wm'1conductor_1)

0.50 -

0.25 -

0.00
0.00

0.01

Time (s)

Fig. 8. Instantaneous AC loss in DPC carrying distorted current at /hi/lc= 0.3
and different THDs. (a) with 3™ harmonic (b) with 5™ harmonic

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

http://dx.doi.org/10.1109/TASC.2020.2971840

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

Fig. 8(a) and 8(b) report the instantaneous losses of DPC at
In/lc = 0.3 and different THDs of the 3™ and the 5" harmonic
during one period of applied current. There are two and three
dominant peaks in instantaneous loss profiles of the 3™ and the
5" harmonics in Fig. 8(a) and 8(b), respectively, as well as
sideband shorter peaks, which are all similar to that in SPC. In
average, the peaks of instantaneous loss profile of the 5%
harmonic are 3x to 4x higher than 3™ harmonics.

B. AC loss analysis
nonsinusoidal currents

in SNC carrying sinusoidal and

AC losses in SNC carrying sinusoidal current with trench
length ranging from 0.5 to 2.5 mm at different Ini/l. were
illustrated in Fig. 9. At a fixed specific trench length, AC loss
in SNC increases when Ini/lc increases. On the other hand, AC
loss decreases with the increase of trench length due to weaker
superposition of radial magnetic field at the end part of the coil.
It should be mentioned that trench length of SNC is fixed at 1
mm for modelling and calculation of AC loss in the rest of this
paper.

Fig. 10(a) and 10(b) depict AC loss results versus THDs in
SNC with fuexch= 1 mm carrying nonsinusoidal current,
distorted by 3™ and 5% harmonics, respectively, while In/lc
ranges from 0.1 to 0.5. When harmonic current (either the 3™ or
the 5th) and THD are fixed, AC loss in SNC increases with the
increase of fundamental current amplitude, Ini/l.. In Fig. 10(a),
AC loss reaches the minimum when Iws/Ini = 0.2, at any I/lc
value. AC loss decreases with the increase of Ins/Ini, when Ins/Ini

<0.2. AC loss increases with the increase of Iv3/Inh1, when 0.2<

Ins/Int <0.4. AC loss performance of SNC carrying the 3™

harmonic current is similar to that in a stack, as shown in [18].
AC losses in SNC carrying the 3" harmonic with Ins/Ini = 5%,
10%, 20%, and 40% are 83%, 70%, 59% and 101% of that in
SNC carrying sinusoidal current, respectively. In Fig. 10(b),
AC loss increases with the increment of Ins/Ini. This is due to
the stronger radial magnetic field in the coil. While AC losses
in SNC carrying the 5" harmonic with Ius/Ini = 5%, 10%, 20%,
and 40% are 118%, 138%, 195% and 363% of that in SNC
carrying sinusoidal current, respectively.

The instantaneous loss in the SNC under distorted currents
with the 3™ and the 5" harmonics at Ini/Ic = 0.3 are illustrated in
Fig. 11(a) and 11(b), respectively.
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Fig. 10. AC loss results of SNC versus THD carrying distorted current at /n1/lc
ranges from 0.1 to 0.5. (a) carrying the 3™ harmonic (b) carrying the 5%
harmonic
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Fig. 11. Instantaneous AC loss in SNC carrying distorted current at /hi/lc= 0.3
and different THDs. (a) with 3™ harmonic (b) with 5% harmonic
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Fig. 13. Comparison of average nonsinusoidal AC loss ratio among SPC, DPC
and SNC carrying distorted current vs THD, at Ini/Ic = 0.3. (a) with 3™ harmonic
(b) with 5" harmonic.

There are two and three dominant peaks in instantaneous AC
loss for the 3™ and the 5% harmonics, respectively, showing
similar behavior as seen in Fig. 4 and 8. As it is depicted in Fig.
11, the maximum peak of the 5" harmonic are 4x higher than
that with the 3™ harmonic. In addition, the peaks of
instantaneous loss increases by the increase of THD,
monotonically, while in case of the 3™ harmonic, when THD
increases, the peaks meet a minimum at THD = 5%.

C. Discussions: Nonsinusoidal AC loss comparison among
pancake coils and SNC

The pancake and solenoid coils are commonly used coils for
fabricating HTS windings in superconducting electrical
machines. It should be mentioned that even in case of using

racetrack coil in some applications, still it would be modeled
the same as DPC in 2D FE calculation. Therefore, the findings
of this paper would be useful for a wide range of different large
scale devices such as electrical machines, transformers, and
some types of fault current limiters for different range of
applications from power network to electric aircraft
applications. In all aforementioned applications, AC loss
estimation is crucial for thermal stability of cooling systems and
its efficiency as well as sizing of the device. Knowing this fact
makes the topic of this paper important for AC loss analysis
during design stage. These findings help the researcher to have
a better idea and understanding, when they choose the type of
coils in windings for their applications in harmonic polluted
environment.

Generally speaking, the peak of the nonsinusoidal currents
while carrying 3* harmonic with THD3=5%, 10%, 20% are less
than the peak of sinusoidal current. But, for THD3=40%, more
than one peaks with almost similar amplitude to sinusoidal one
can be observed. While in case of 5% harmonic, the peak of
nonsinusoidal current is always higher than sinusoidal one and
that is why AC loss is increasing monotonically. This loss is
absolutely hysteretic in nature. The direct effect of harmonics
would be reflected in the waveform of the carrying current. The
harmonics changes the number of peaks as well as their
amplitudes, and as a consequences, the AC loss of the coils.

AC loss comparison among SPC, DPC, and SNC carrying
nonsinusoidal currents versus different THDs of the 3™ and the
5™ harmonics are depicted in Fig. 12, at Ini/I:=0.3. Though wire
length of SPC and SNC are identical, AC loss in SPC carrying
either 3" or 5 harmonics is higher than that in SNC. AC loss
in SPC carrying the 3' harmonic with Is/Ini = 0.2 at In/Ie= 0.3
is about 5 times of that in SNC. AC loss in SPC carrying the 5%
harmonic with Is/Ini = 0.2 at In/Ic= 0.3 is 4.4 times of that in
SNC. This is due to stronger superposition of radial magnetic
field in pancake coils compared to SNC which has a much
longer coil height. For the 3 and 5™ harmonics, losses in DPC
is highest and the losses of SNC is lowest. It is because radial
magnetic flux density is the strongest in DPC with more turns
compared to SPC or SNC. Generally, the AC loss versus THD
meets a minimum in case of the 3™ harmonic but it is uniformly
increasing in case of the 5" harmonic. AC loss in three coils
carrying the 5" harmonic in each single THD is 3x to 5x higher
than the 3™ harmonic case.

Fig. 13 illustrates the ratio of AC loss for different harmonic
orders, in DPC carrying distorted current respect to that in SPC,
QOppc/Qspc, the ratio of AC loss in DPC respect to that in SNC,
Oppc/Qsnc, and also the ratio of AC loss in SPC to that in SNC,
QOspc/Qsnc. The average AC loss ratio between DPC and SNC
is the highest, up to 18.34 and the average ratio between DPC
and SPC is the lowest, down to 3.82. We also observed the ratio
between AC losses when current distorted by the 3™ harmonic
is slightly higher than that with the 5 harmonic.

By comparing the instantaneous AC loss profiles of different
coils, several conclusions can be summarized as follow:

1) Two and three dominant peaks appear in instantaneous AC
loss in different coils, transporting the 3™ and the 5" harmonic,
respectively, as well as three and four much smaller peaks.
Therefore, the number of peaks can be formulized as (h+2), as
h is harmonic order, or if assumes s = 2k-1, therefore, number
of total peaks would be counted as (2k+1) for k=1, 2.
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Fig. 14. Comparison of radial magnetic flux density among SPC, DPC and SNC
carrying distorted current, at Jni/lc = 0.5.

2) The amplitude of peaks in instantaneous AC loss profile
of different coils in case of the 5™ harmonic is 3 to 5 times
higher than the 3™ harmonic ones.

3) The peaks in case of 5" harmonics are always monastically
increasing versus THD i.e. Q0%> Q20%> Qs%> Qsin, while in
case of 3" harmonics, it meets a minimum, i.e. Q4o%> Q20%>
Qsin> QS%.

Fig. 14(a), 14(b) and 14(c) compares the radial magnetic flux
density B: distribution in SPC, DPC and end part of SNC,
carrying sinusoidal current, current with THD3; = 40% and
THDs = 40%, respectively, at t = 0.015 s and In/I.= 0.3. In Fig.
14(a), strong radial magnetic field mainly locates at the end part
of the coil, and the maximum radial magnetic flux density in
SPC occurs when SPC is carrying the non-sinusoidal current
with THDs = 40%; The peak radial magnetic flux density in
SPC carrying current with THD3 =40% is bigger than that when
carrying sinusoidal current, since the current amplitude with

THD3 = 40% is smaller than that with sinusoidal current.
Similar phenomenon has been observed in Fig. 14(b) and 14(c).
On the other hand, at each identical carrying current, the highest
and lowest radial magnetic flux density occurs in DPC and
SNC, which is aligned with the AC loss tendency.

IV. CONCLUSION

In this paper, we modeled three superconducting coils with
4-mm wide SuperPower wire, five-turn SPC, five-turn DPC and
five-turn SNC, where SPC and solenoid have the same wire
length and all three coils share the same inner diameter of 80
mm. AC loss in these three HTS coils carrying the 3™ and 5%
current harmonics with THD ranging from 0% to 40% at
fundamental current ranging from 0.1/ to 0.5/ have been
calculated using H-formulation in COMSOL Multiphysics.

There is similar AC loss behavior in three coils when the
transport current is distorted by the 3™ harmonic, i.e. AC loss
always reaches the minimum at Ih3/Ini = 20%, with Ini/Ic varying

from 0.1 to 0.5. When 0% < Ihz/In1 < 20%, AC loss in HTS coils
decreases with the increase of the 3™ harmonic content. When
20% < In3/In1 < 40%, AC loss in HTS coils increases with the

increase of the 3" harmonic content.
AC loss in three HTS coils carrying the 5" harmonic
increases monotonically and uniformly with the increase of

Ins/Tn1, when 0% < Ihs/In1 < 40%, and 0.1< Ihi/I. <0.5.

AC loss in SPC carrying the 3™ harmonic and the 5%
harmonic at different THD are more than 3.8 times of that in
DPC. While AC loss in SPC carrying either 3™ or 5 harmonics
at different THD are around 4.5 times of that in SNC, even SPC
and SNC share the same wire length.

Though wire length of SPC and SNC are identical, AC loss
in SPC carrying either the 3™ or 5" harmonic with

0%<THD<40% is more than 3 times higher than that in SNC
due to strong radial magnetic field superposition.
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