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A superconducting magnet (SM) can produce high magnetic fields up to a dozen times stronger than those gen-
erated by an electromagnet made of normal conductors or a permanent magnet (PM), and thus has attracted
increasing research efforts in many domains including medical devices, large scientific equipment, transport,
energy storage, power systems, and electric machines. Wireless energisers, e.g., high temperature supercon-
ducting (HTS) flux pumps, can eliminate the thermal load from current leads and arc erosion of slip rings,
and are thus considered a promising energisation tool for SMs. However, the time-averaged DC output voltage
in existing HTS flux pumps is generated by dynamic resistance: the dynamic loss is unavoidable, and the total
AC loss will become significant at high frequencies. This study introduces a highly efficient superconducting
wireless energizer (SWE) designed specifically for SMs. The SWE takes advantage of the inherent properties
of a superconducting loop, including flux conservation and zero DC resistivity. Extensive theoretical analysis,
numerical modelling exploiting the H-¢ formulation, and experimental measurements were conducted to
demonstrate the efficiency and efficacy of the novel SWE design. The electromechanical performance and loss
characteristics of the SWE system have also been investigated. Compared to conventional HTS flux pumps, the
proposed SWE has lower excitation loss, in the order of 10~! mW, and thus can achieve a high system effi-
ciency of no less than 95%. Furthermore, it has a simpler structure with higher reliability, considered ready
for further industrial development. In addition to deepening the understating of the intricate electromechanical
dynamics between magnetic dipoles and superconducting circuits, this article provides a novel wireless ener-
gisation technique for SMs and opens the way to step changes in future electric transport and energy sectors.

1. Introduction rents have to work partially at room temperature and partially in the

cryostat housing the SM. In this case, significant power dissipation

Superconducting magnets (SMs) are capable of creating intense
magnetic fields up to a dozen times greater than those produced by
conventional electromagnets or permanent magnets (PMs) [1,2], and
thus have a diverse range of applications, including medical devices
(e.g., magnetic resonance imaging) [3], large scientific equipment
(e.g., nuclear magnetic resonance, tokamaks, and particle accelerators)
[4,5], transport (e.g., magnetic levitation) [6], energy storage (e.g.,
magnetic energy storage) [7,8], power systems (e.g., renewable power
grids) [9,10], and electric machines (e.g., superconducting motors and
generators) [11-13]. SMs need to operate with high transport currents,
which makes the energisation of SMs a primary challenge.

In most cases, a static SM is powered through contact-type current
leads made of ordinary metals which are connected to electronic
power supplies [14]. However, the current leads carrying large cur-
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can be generated, and a considerable thermal load is brought to the
cryostat. Consequently, not only is the general efficiency of the cryo-
genic system decreased, but also the reliability and effectiveness of
the SM are threatened by a possible quench. In addition, for a rotating
SM, e.g., superconducting field windings embedded on the rotor of a
superconducting machine, there exist additional challenges regarding
the transfer of a larger direct current (DC) across a rotating joint. Cur-
rently, excitation methods employed include slip rings [15] and high-
frequency brushless exciters [16,17]. However, slip rings are prone to
arc erosion and mechanical wear, particularly at high current levels
and rotational speeds [18]. While inductive brushless exciters offer a
solution to circumvent direct electrical contacts, they come with draw-
backs such as high costs, intricate structures, and the need for power
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electronics to handle large DC currents, adversely affecting power den-
sity, reliability, and ease of maintenance [19,20].

To deal with the above-mentioned issues, wireless energisation tech-
niques appear to be a superior option for SMs [21]. Superconducting
flux pumps have emerged as a viable solution for compact wireless exci-
ters, offering a promising alternative to traditional contact-type current
leads, slip rings, and brushes [22-24]. These flux pumps can be classi-
fied into two categories: low temperature superconducting (LTS) and
high temperature superconducting (HTS) flux pumps. LTS materials
usually operate in liquid helium (typically at 4.2 K) because of their rel-
atively lower critical temperatures. Since 1938, numerous electrically or
mechanically driven LTS flux pumps have been designed and con-
structed, most of which achieve flux transfer via electric circuit switches
by creating a normal-conducting region surrounded by the LTS material
[25,26]. Compared to LTS materials, HTS ones have higher critical tem-
peratures and critical currents and thus they are able to carry a larger
current in the liquid nitrogen (LN,) temperature range (typically at
77 K). As a result, the design difficulty and cost of cryogenic systems
for HTS applications are less compared to LTS ones, making HTS flux
pumps more promising [27]. However, the higher critical fields of
HTS materials make it harder for them to generate normal-conducting
zones needed for superconducting switches; therefore, HTS flux pumps
have not been proposed until recent years. Existing HTS flux pumps can
be classified into travelling wave and transformer-rectifier types. For
both of them, the time-averaged DC output voltage is produced through
a local rectification effect, which is induced by the presence of overcrit-
ical eddy currents flowing within the HTS layer characterised by
dynamic resistance [28-32]. As a result, HTS flux pumps can act as a
DC voltage source and pump currents to an external circuit. However,
excitation power dissipation seems unavoidable in the utilised HTS
coated conductors due to the occurrence of dynamic loss [33-35]. Con-
sequently, as for the existing HTS flux pumps, two contradictory aspects
have to be considered: on one hand, excessively low dynamic resistance
leads to a low charging voltage level, resulting in an extended charging
duration; on the other hand, if the dynamic resistance is excessively
high, the substantial dynamic loss can compromise the efficiency of
the flux pump system. A new HTS transformer-rectifier has been
recently reported in [36] for energising HTS magnets. Despite the
new mechanism making use of the screening currents in HTS coated
conductors [36], the generation of resistance remains the basis of a
charging voltage, the same as the other existing HTS flux pumps.

In order to energise SMs in a highly efficient and reliable way, a
novel superconducting wireless energiser (SWE) has been presented
in this paper. The proposed SWE has been conceived based on the elec-
tromechanical interaction between a moving magnetic dipole and a
closed superconducting loop [37-40]. The mechanical energy from a
moving PM undergoes conversion into electromagnetic energy subse-
quently stored in a SM by utilising the flux conservation property
and zero DC resistivity of the superconducting loop. The effectiveness
of the novel SWE has been validated by theoretical analysis, numerical
modelling, and experimental measurements. The proposed SWE sys-
tem is much simpler and more cost-effective compared to the existing
HTS flux pumps, also without complicated power electronics. In addi-
tion, the generation of the DC does not rely on the creation of dynamic
resistance in HTS coated conductors, and thus extremely low excita-
tion losses can be expected. The proposed SWE is believed to provide
a promising solution for advanced power conversion units in the elec-
trical systems of transport applications.

2. Theoretical analyses

2.1. PM threading a superconducting loop

When a PM passes through a superconducting loop, an intriguing
phenomenon reminiscent of “a violation of Lenz's law” emerges: the
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mechanical force exerted on the PM does not consistently oppose its
motion. In fact, throughout the entire movement process, the PM con-
sistently experiences a repulsive force [37-40]. We have investigated
the underlying cause of this peculiar electromechanical anomaly,
which is attributed to the magnetic flux conservation of the supercon-
ducting loop dominated by its nearly zero resistivity [40]. Based on the
preliminary theoretical research work in [40], the possibility of wire-
lessly energising a SM has been explored here. The diagram of the
energy conversion system is illustrated in Fig. 1, in which a PM is ini-
tially positioned at the loop center, and then moves away from the
superconducting loop along the z-axis.

The PM is modelled as a magnetic dipole characterised by a mag-
netic moment m, with [41]

m= lB,V
Ho
where 4 is the vacuum permeability, B, denotes the remanence of the
PM, and V devotes its volume.
In the local cylindrical coordinate system 0,-pm@mZm, at any given
point in the space, the magnetic field distributions caused by the mag-
netic dipole can be calculated as [41]

3/"0m PrmZm
B, (rm) = s 2)
‘ (2, +22,)

Ho (3mz%, m
Bzm(rm):4—;< - 773) 3)

where p., and 2z, are the positions of the studied point in the local
coordinate system, and ry, stands for the distance between the magnetic
dipole and the studied point.

In the cylindrical coordinate system o0-pgz, the position of the PM is
noted as zpy. As there is no current in the superconducting loop in the
initial state, the magnetic flux within the loop is determined by the the
area of the loop and the 2z-direction field component in the space gen-
erated by the PM. Therefore, the magnetic flux through the supercon-
ducting circuit can be written as

Superconducting loop

Studied Zm
point

Moving
direction

Fig. 1. Diagram of the superconducting wireless energisation system in the
cylindrical coordinate system o0-p@z. R. refers to the radius of the supercon-
ducting loop. The PM is initially situated at the loop center, with z = 0. The
PM is characterized by a magnetic dipole, which is oriented in a local
cylindrical coordinate system denoted as 0p-Pm@mZm-
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where R. is the radius of the superconducting loop.

In the initial stage, the PM is positioned at the center of the loop
plane at room temperature, i.e., the conductive loop is not in a super-
conducting state. In this case, according to (4), the magnetic flux
inside the loop can be written as

_ Hom
®o =R, )

Then, the conductive loop is cooled below the critical temperature
to achieve superconductivity. According to the conservation of mag-
netic flux within a superconducting loop, the flux passing through
the loop stay unchanged, regardless of the subsequent movement of
the PM. For ease of analysis, the resistance of the superconducting loop
is neglected here because of its dominant inductance. According to
Faraday’s law, we have [40]

do dl.
@ Lar ©)

where L stands for the inductance of the superconducting circuit, and I.
represents the induced current in the loop. Egs. (5) and (6) lead to

LI, +® = @, (7)

Hence, the current induced in the superconducting loop resulting
from the motion of the PM can be calculated as

AD Dy—D pym R?
Lelem) = ==~ =218 1_m ®)
¢ R? +23y)

It can be inferred from (8) that the current induced in the supercon-
ducting loop is displacement-dependent, which is easy to understand
in that the magnetic flux inside the loop directly relies on the distance
between the PM and the loop plane. Nevertheless, when illustrating
the changes in the induced current over time, it is necessary to take
into account the velocity of the moving PM. In this case, the position
of the PM in the cylindrical coordinate system is given by

Zpm = 7/vdt )

and thus (8) can be transformed to

([ vdt>2] " (10)

To reach the maximum current, the PM needs to move sufficiently
far so that the second term in (8) and (10) can be neglected compared
to 1. In this case, the maximum current is dependent on the maximum
flux through the loop (i.e., the initial flux ®,) and its inductance, writ-
ten as

_ Hom

Le(t) = 2LR,

1-RY/

(Do _ HoMm _ B,V

L 2LR. 2LR.

Isc,max - (11)

Based on the aforementioned theoretical analyses, it can be seen
that the relative motion between a closed superconducting loop and
a PM leads to the generation of a persistent DC within the loop, as
depicted in equation (11). The magnitude of this persistent DC is influ-
enced by various factors including the remanence and volume of the
PM, as well as the inductance and radius of the superconducting loop.
Consequently, the mechanical energy of a PM in motion can be effec-
tively converted into electromagnetic energy, which is then stored
within the superconducting loop. In other words, a SM can be wire-
lessly energised by a moving magnetic dipole, which constitutes the
theoretical foundation of this paper.
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Due to the energy conversion that happens between the PM and the
superconducting loop, the loop actually does negative work to the PM,
and vice versa. In accordance with Newton's third law, the mechanical
force exerted on the PM by the superconducting loop is equivalent in
magnitude to the force exerted on the loop by the PM. Therefore, the
force experienced by the PM can be expressed as

Fsc.PM(ZPM) = fOZ” IschRcd(p
= 27R. - Hom 17 _ __ R .| 3#om __ Rezpm
" {ZLR‘ |: (R§+Z§M)3/2 4z (R?«FZ%M)S/Z (12)

3/2
_ 3ameRe [(Ra3)"" R meu
= - 7
* (Ré+23y,)

where it should be noted that the negative sign comes from the transi-
tion of the radial field component from the coordinate system 0,-pm-
@mZm 10 0-ppz, ie., a negative sign has been introduced when
incorporating (2) in (12) to correctly reflect the force direction when
zpm Vvaries from zero to negative.

Accordingly, the time-varying mechanical force applied to the PM
can be expressed as

e R R

Fopu(t) 4L {Rf +(f thﬂ 4

(13)

According to (8), the minimum and maximum induced currents
occur at zpyy = 0 and 2zpy = -0, respectively. The maximum changing
rate of I,.(zpy) Occurs when

2
d ISC |
dzz 2ZPM=2sc,mcl
PM

=0 (14)

Therefore, through a series of calculations, it is obtained that
1
Zsemel = — ERC (15)

and

3
L (Zuemer) = 222 {1 - ﬁ}

RI+2l

— Hom [1 _L] (16)
2LR. 5v5
~0.2845 .

Similarly, the PM experiences no forces at both zpy; = 0 and zpy =
-o0, and thus the maximum value of Fy. pp(2pm) Occurs when

Bane| =0
M se.ml (17)
Zsc.mF;éO

On the basis of (12) and (17), it is obtained that

Zemr~ — 0.8264R, (18)
and
F;c.PM (Zsc,mF) == 3}‘%1:'[[,2& [(R? +ch ;"' )jz 7R;3.] Benk

(R+22 ) (19)

N p2m?
~0.0914 I?R?

In order to simplify the analysis, the velocity of the PM is consid-
ered as a constant, with v = V.. Then, (10) and (13) can be simplified
as

R3
1- 7} (20)

(R? 4+ v2e2)*?

_ Hom

Le(t) = 2LR

v b 32m?R,v, [(RC2 + v§t2)3/2 _ Rf}t 5
sc,PM( ) - 4L (Rz T v2t2)4 ( )
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Accordingly, tiema and t,emr are defined to characterise the
moments when the maximum changing rate of the induced current
and the maximum force exerted on the PM occur, respectively, with

R,
Lse.mel == 22
e = )
R.
toemr~0.8264 — (23)

Ve

Zse,mel> Zse,mF> Lse,mer aNd tse mp Will be employed to validate the derived
equations in this study by comparing them with numerical simulations
and experimental results. In summary, the mechanical energy of the
moving PM can be effectively converted into electromagnetic energy,
which is stored within the superconducting loop in the form of a persis-
tent circulating current represented by Isc max-

2.2. PM threading a normal conductive loop

To better illustrate the distinctions between a superconducting loop
and a conventional conductive loop, the explicit formulae to describe
the electromagnetic behaviour of a normal conductive loop passed
through by a PM has also been studied. It is assumed that the induc-
tance of a normal conductive loop can be neglected compared to its
dominant resistance. As a result, according to Faraday’s law, it is
obtained that

1 do

Inc - ﬁ E (24)
where R represents the resistance of the normal conductive loop. It can
be seen from (24), different from (6), that the induced current I, relies
on the the rate of change of the magnetic flux within the loop. It is
known from (4) that the magnetic flux is zpy-dependent; hence, the
induced current depends on dzpy/dt, namely the velocity of the PM.
Therefore, we obtain

1 d® dzem _ 3Bugm  Rizpw

—-= — (25)
Rdzpy dt 2R (Rf+z§M)s/2

Inc (ZPM) =
Accordingly, the force imparted on the PM by the current induced
in the normal conductive loop can be calculated by

Fuepm(2em) = 27RcI,B,

_ 3uom R2zpy 3upm Rezpm
=2mRe | =Tk o v | T e e R
(RC +ZPM) (RC +ZPM)
_9dm®  RIZZ,
~ 4R 2,2 \°
(Rc JrZPM)

(26)

According to (25), in a normal conductive loop, the induced cur-
rent is found to be zero at both zpy; = 0 and zpy; = -co0. Therefore,
the normal conductive loop is not capable of storing energy after the
entire dynamic process because of the energy dissipation due to resis-
tance. Designating z,c m1 as the position of the PM where the maximum
induced current appears, we have

dlnc
dzPM | 2ZPM =2Znc,ml

Based on (25) and (27), it is obtained that
1

=0 (27)

Zneml = 7§Rc (28)
and
3ugmv, 32 HoMmy,
L (Znemt) = ~0.4293 29
(o) = 4R 35582 RR? (29)

Comparing (15) and (28), it can be concluded that when a PM
passes through both a superconducting loop and a normal conductive
loop with identical geometries, the maximum current induced in the
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normal conductive loop exactly occurs at the PM position where the
maximum current changing rate of the current induced in the super-
conducting loop happens.

Similarly, if we note z,. mr as the PM position where the maximum
force applied to the PM occurs, we obtain

dFpcpm ‘ -0
dzpy | BPM=ZnemF T (30)
ch.mF#O
Then, we can obtain
1
ch,mF - 7§RL (31)
and
9u2m?v, 1024 uzm?y,

F.. emE) = 40—~ ~0.1843=2 < 32

#41 (Znee) 16RR’ 3125 RR? (32)

Comparing (28) and (31), it can be observed that in a normal con-
ductive loop, the maximum induced current and the force imparted on
the PM occur at the same position of the PM. However, this is not the
case for a superconducting loop, as demonstrated by equations (15)
and (18). Hence, the electromechanical interactions between a PM
and a superconducting loop exhibit distinct differences compared to
a normal conducting system.

In the time domain, based on (9), (25) and (26) can be transformed
into

3uom R? [vdt
Inc(t) = g;{ . ] 515/2 v (33)
[R2 + (fvdt)”]
2002 4 ([ vdt)?
Fm:.PM(t) = Q”Om RC ([ th) (34)

4R [Rf + (fvdt)zr ’

In the case of a constant PM velocity with v = V,, (33) and (34) can
be rewritten as

3uom  R>t
Ioe(t) = 2; e 52 (35)
(RZ +v2t?)
9u2m?  RHY2
Frepu(t) = —10 e¥e (36)

AR (R4 22)°

themt and t,mr are defined to separately characterise the moments
when the maximum current induced in the normal conductive loop
and the maximum force applied to the PM occur, and thus it is obtained
that

R,
tnc‘ml = tnc,mF = i (37)

2.3. Comparison between the two systems

In this section, we will consider a PM with a height of 20 mm, a
radius of 10 mm, and the remanent flux density B, = 1 T, a supercon-
ducting loop (R = 0) with R, = 50 mm and L = 5 pH, as well as a
conductive loop with R, = 50 mm and R = 1 Q. The velocity of the
PM is chosen as V. = 10 mm/s. On the basis of (20), (21), (31), and
(32), the time-domain variation of the currents induced in the two con-
ductive loops and the forces exerted on the PM by the two different
loops are presented together in Fig. 2. It should be noted that the cur-
rents and forces have been standardised by normalising them to their
maximum values for better illustration (though I, and F py are far
greater than I, and Fycpm).

It can be seen from Fig. 2 that ty mcr, tse,mps the,mn and themr calcu-
lated by (22), (23), and (37) demonstrate a strong agreement with
the waveforms of currents and forces. Additionally, Fig. 2 clearly exhi-
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Force (normalised to max.)

Time(s)

Fig. 2. Normalised currents induced in both a superconducting loop and a
normal conductive loop, as well as the normalised forces imparted on the PM
in both scenarios. B, = 1 T, R. = 50 mm, L = 5 pyH, R = 1 Q, and
V. = 10 mm/s.

bits the discrepancy in electromechanical behaviours between a super-
conducting and a normal conductive system. It can be seen that with
the PM moving away from the initial position, the current generated
in the superconducting loop is approaching the maximum value, I .
max, Which is determined by Eq. (11). Under ideal circumstances, once
the PM has moved a sufficient distance, the induced DC approaching
Ise,max Will circulate permanently in the superconducting loop. As a
result, the mechanical energy of a PM can be converted to electromag-
netic energy stored in a superconducting circuit.

It is important to highlight that the focus in this analysis is specif-
ically on the scenario where the magnetic flux introduced by a PM to a
conductive loop diminishes gradually. In this context, Lenz's law
remains applicable to characterise the electromechanical behavior of
both normal conductive and superconducting systems. Accordingly,
the induced current generated in response to the changing magnetic
flux acts to oppose that change, resulting in a mechanical force that
counteracts the motion of the PM.

2.4. PM threading a superconducting SM

In practical applications, a SM is usually in the form of a supercon-
ducting coil composed of many turns. Considering a superconducting
coil of N turns with the self-inductance of L.y, the current induced
in each coil turn, I;, can be calculated in the time domain as

N 3
= .“2071:[” L 113 1- Rex 32 (38)
bl R 4 ([ vde)”]
where R and L represent the radius and the self-inductance of the k-
th turn in the coil. Given that the current induced in each turn is the
same, according to (8), it can be concluded that L, is proportional to
the flux change through the k-th turn, i.e.,

L(t)

ZQ’:lLk = Lo
{ AD;  ADj (39)
L - Lja

where je[1,N —1].
Accordingly, the force applied to the PM by the N-turn SM can be
written as

o | [Recr (] - re,)

3 (f vde)
Lo Rt ()]

N
T

le(t) (40)
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On the basis of Sections 2.1, 2.2, and 2.3, by replacing [ vdt in (38)
and (40) with zpy;, we can obtain the generated current and the force
experienced by the PM in the space domain, noted as I; (zpy) and Fio
(zpm), respectively. In the case of constant PM velocity with
v = V[ vdt will be replaced by V.t.

Based on (11), the maximum permanent DC that can be induced in
each turn of the SM can be approximated as

- Hom
Tomac N 2LoiRe v 1)
where R, is the average radius of the SM determined by its inner
radius R; and outer radius R,, with R .vg = (R; + R,)/2. Consequently,
the electromagnetic energy stored in the SM is calculated by

Lo (t

Wem == l( ) (42)
2

with the maximum value
Lo I’ NZ 2102

W = —bmex _ KO (43)

2 8L,R’

c,avg

The input mechanical energy of the whole system can be calculated
as

t
Wmec :/ Flm(t)th (44)
0
and thus the system efficiency can be quantified as
Wem
= 45
= (45)

3. Modelling and experiment methodology

In order to verify the derived formulae presented in Section 2, the
finite element method (FEM) based numerical modelling technique
and experimental measurements have been adopted.

Two different types of PMs and a SM fabricated from a double pan-
cake HTS coil have been utilised, of which the specifications are shown
in Table 1. In terms of the SWE system, the objective is to achieve the
most current induced in the HTS coil while optimising the overall sys-
tem efficiency. Therefore, the moving velocity of the PM should be
kept sufficiently low to avoid generating high AC loss in the HTS coil
due to high-frequency fields [42-44].

3.1. H-¢p formulation based numerical model

The magnetic field, H, and the magnetic scalar potential, ¢, have
been coupled together as the H-¢ formulation [35] to solve Maxwell’s

Table 1

PM and HTS coil Parameters.
Symbols Parameter Value
Rpma Radius of PM-1 12.5 mm
Rpmea Radius of PM-2 10 mm
h Height of the PM-1 & PM-2 20 mm
Vi Volume of the PM-1 3125z mm®
Vo Volume of the PM-2 2000r mm*
B Remanence of the PM-1 140T
B> Remanence of the PM-2 1.43T
Ve PM velocity 3.5 mm/s
Ho Free space permeability 47 x 1077 H/m
R, Outer radius of the SM 36.4 mm
R; Inner radius of the SM 30.4 mm
Io Self-field critical current @ 77 K 110 A
w Bi-2223 tape width 4.2 mm
N Turn number of the HTS coil 44
L HTS coil inductance 0.2 mH
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equations based on FEM: as demonstrated in Fig. 3, the full vector H is
solved in the superconducting region and the air domain surrounding
it (H-solved region); the magnetic scalar potential ¢ is calculated in the
PM region and the current-free air surrounding it (¢-solved region).
The combination of the H- and ¢-formulations can effectively decrease
the number of degrees of freedom and mitigate the computational
complexity [45]. In view of the symmetric structure of the studied
wireless energisation system, it can be simulated with a 2D axisymmet-
ric model in a cylindrical coordinate system o-pgz. In the H-solved
region, applying Faraday's law and the constitutive law, we derive

_ o8,

: 0H,
z _ .
100k, | = —HoHr {%} (46)

where E and H separately represent the electric field and magnetic field
strength, and y, refers to the relative permeability of the studied region.

Ampere's law is utilised to calculate the current density in the
superconducting loop, resulting in

_OH, OH,
77 Oz adp

(47)

As far as a superconductor is concerned, its resistivity is charac-
terised by the E-J power law [46], as

n

= o] ()

where E, denotes the characteristic electric field, with E, = 10 ™% V/m;
n is the power law constant, with n = 21 here; and J.(H) stands for the
magnetic field dependence of the critical current of the HTS material,
determined by [47]

Jo
(1 + sz§ +H2/Ho>a

where J is the fitted critical current density of the superconducting
layer at zero external magnetic fields; Hy represents the characteristic
magnetic field strength constant, with Hy = 81.965 kA/m for the stud-
ied HTS tape; H, (H., in the studied case) and H) (H, in the studied case)
denote the field components aligned perpendicular and parallel to the
broad surface of the HTS tape, respectively; k and « are both fitting
parameters, with k = 0.061, and a = 0.76.

Given that the skin effect can be neglected on account of the low
moving speed of the PM, the homogenization approach proposed in

Z 4 / ¢-solved region
=z Double pancake
HTS coil

PM

M()\'i‘ng Air
direction

H-solved region

N

Magnetic field coupled boundary

! Symmetry axis
'

Fig. 3. The H-¢ coupled numerical model of the SWE system built within
COMSOL Multiphysics.
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[48,49] has been applied to each coil turn so as to further reduce
the computational complexity. Hence, the equivalent field dependence
of the critical current density, J.q(H), can be written as

Jeeq(H) = J(H) - f. (50)

where f;. represents the fill factor characterising the extent of the HTS
layer within a whole tape structure (a HTS tape consists of the HTS
layer, non-superconducting tape layers, as well as the inevitable air
gap). Therefore, considering the geometries of the chosen Bi-2223 coil,
the self-field critical current density is Jeo,eq = Jeofse = 2 X 108 A/m?.

Combining (46)-(50), the H-formulation based governing equation
can be obtained as

_ o{ [ (%-22) o]}
oz

o{ oo [ (52-2%) recuw] '}
Ip

oH,
= ~Hokr |:()i;z:| (51)
o

1

P

(51) is the 2D governing equation that requires computation within

COMSOL Multiphysics. After solving the magnetic field distribution in

the numerical model, we can then obtain the current density distribu-

tion based on (47), and thus the current induced in each HTS turn is
derived as

B 0H, OH,
= (5— ap)‘”‘ &)

where S; denotes the cross-sectional area of each HTS turn.
The instantaneous power dissipation per unit volume of the coil can
then be obtained as

-, (o) e

where Vj is the volume of the j-th HTS turn.
In the ¢-solved current-free region, the governing equation is writ-
ten as

{ V-Vp=0
V x (=V¢) =0

av; (53)

(54)

The magnetic field directly solved using the H-formulation and the
magnetic field calculated by -V¢ are coupled through the boundary
between the H-solved and ¢-solved domains, as depicted in Fig. 3.

The numerical model implemented within COMSOL is demon-
strated in Fig. 3, taking PM-1 as an example. With the exception of
the double pancake HTS coil and PM sections, the remaining compo-
nents are characterised by the presence of air. The establishment of
the numerical model also has to take into account the setup of the
moving mesh and the continuity boundary condition. The continuity
boundary divides the whole model into a moving mesh region and a
static domain, and the moving mesh region is defined by the deform-
ing domain, prescribed deformation, as well as prescribed normal
mesh displacement features in COMSOL. More details can be found
in [40,50,51].

3.2. Experimental measurement

The experimental measurement system is shown in Fig. 4. In addi-
tion to the utilised PMs and HTS coil, the test equipment is mainly
composed of a dynamometer, a current probe, an aluminum rod, and
a cryogenic storage dewar. The two PMs are of the type NdFeB N50
and N52, which correspond to PM-1 and PM-2 in Table 1, respectively.
The dynamometer is adopted to measure the force experienced by the
tested PM, both of which are rigidly attached to one another through
the aluminum rod. The double pancake HTS coil is formed by winding
a single 4.2-mm-wide Bi-2223 tape without insulation. The HTS tape's
ends are soldered together using a Sn-Bi alloy. Each pancake consists
of 22 turns. As illustrated in Fig. 4, an extra turn has been led out to
facilitate the measurement of the induced current in each turn using
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HTS coil \,
(inside the dc\\\lr)__.«"'

Fig. 4. Experimental setup and measurement system.

a current clamp and eliminate excess inductance disturbance from the
current sensor to the tested coil. The entire double pancake HTS is
placed inside the epoxy resin dewar used to hold LN,.

At the beginning of the experiment, the PM under investigation was
positioned at the center of the double pancake HTS coil, with the tem-
perature maintained at room temperature. In this scenario, the HTS
coil was not in a superconducting state. Subsequently, LN, was poured
into the dewar to achieve 77 K enabling the HTS coil to enter the
superconducting state. The motion of the PM (and the dynamometer)
was controlled by a linear motor. In order to ease data collection and
analysis, the velocity of the PM was set as a constant.

4. Results and analyses

Taking the double pancake Bi-2223 coil and two NdFeB PMs listed in
Table 1 as the studied objects, the analytical, simulated, and measured
electromechanical performances of the SWE system have been analysed
in this section. The computer used for the computations is equipped
with an Intel Core i7-4770 CPU running at 3.4 GHz and has 16 GB of
RAM. Each H-¢ formulation based numerical model in the study con-
sists of approximately 13,250 degrees of freedom. The computation
time for each model, with a relative tolerance of 103, was approxi-
mately 13 hours. Considering the computational complexity of the
numerical modelling, the simulation period has been set as 40 s.

4.1. Electromechanical characteristics

Fig. 5 and Fig. 6 show the induced total currents in the studied HTS
coil, and the forces experienced by the moving PMs in the two case
studies, respectively. It is easy to understand that PM-1 leads to a
higher induced DC and experiences a higher mechanical force com-
pared to the case of PM-2 because PM-1 can bring a higher initial mag-
netic flux to the HTS coil, which is determined by B,V, as illustrated by
Eq. (11). In general, no matter from the perspective of the induced
total current or mechanical force, it can be found that the analytical
results calculated by Egs. (38) and (40) are in good accordance with
the simulated results adopting the zero resistivity approximation
(purs = 0) with a deviation of less than 1%; and the experimental mea-
surements demonstrate strong concurrence with the numerical simula-
tion taking into account the J.(H) dependence, with a discrepancy of
less than 4%, which meets well our expectation.

As illustrated in Section 2, the analytical equations neglect the
resistance of the HTS coil, which can lead to an overestimation of both
the induced current in the coil and the resulting force on the PM. As a
comparison, the J.(H) dependence characterises better the resistivity
in the HTS coil, by
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Fig. 5. Time-varying induced current within each turn of the investigated
double pancake HTS coil. Equ. — Equation; Exp. — Experiment; Simu. —
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As a result, the numerical modelling taking into account pyrs reflects
more accurately the electromechanical behaviors of the wireless energi-
sation system and complies better with the experimental data. Compar-
ing the simulated and experimental results in Fig. 5, taking t = 40 s as
an example, the induced currents in the case of PM-1 are separately 47.3
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A and 45.9 A with a bias ratio of approx. 3.1%, and the induced currents
in the case of PM-2 are separately 30.9 A and 29.8 A with a bias ratio of
approx. of 3.7%, both of which are considered acceptable in practical
applications. However, it is interesting to note that the measured cur-
rents exhibit a decaying trend for t > 45 s, though without a distinctive
change, as shown in the subfigures of Fig. 5. In fact, as the PM is posi-
tioned at a significant distance from the HTS coil, the coil gradually
transitions into the persistent current mode and thus the circulating
DC should not lead to power dissipation. It is assumed that the non-
superconducting Sn-Bi alloy used to join both ends of the HTS coil,
which introduces a joint resistance on the order of 108 Q, causes extra
power dissipation and decreases the transport DC in the experiment.
Therefore, it can be inferred that in a jointless HTS coil, e.g., a partially
slit coil [52,53], the reduction of transport DC can be avoided, which
deserves more investigation in the future.

In Fig. 6, it can be seen that the peak forces occur at t = 7.9 s,
which agrees well with t,. mr calculated by Eq. (23) (here R ,vg should
be utilised). In terms of the mechanical forces experienced by the PMs,
taking the case of PM-1 at t = t;. ¢ as an example, the numerical and
experimental results are 4.55 N and 4.40 N in the case of PM-1, respec-
tively, with a bias ratio of 3.4 %, which is also considered well
accepted in practice.

It has to be underlined that though the simulation exploiting the H-
¢ formulation and the J.(H) dependence can more accurately illustrate
the electromechanical behaviors of the SWE system, it is time-
consuming (approx. 13 hours in this study) to run the numerical model
with acceptable accuracy. Hence, with an induced current and
mechanical force bias ratio below 8%, the analytical approach out-
lined in Section 2 remains a valuable tool for swiftly predicting the
overall performance of the entire system, prior to engaging in model-
ing endeavors or experimental investigations.

Considering the favorable correspondence between the experimental
data and the simulated results leveraging the J.(H) dependence, the electro-
magnetic properties of the HTS coil have been analysed based on numerical
modelling. The current density and magnetic flux density distributions
across the cross section of the double pancake HTS coil are illustrated in
Fig. 7, in which (a)-(d) present the magnetic flux density (Bp,m) and cur-
rent density ratio (J,/Jcq) distributions across the cross section of the dou-
ble pancake HTS coil in the case of PM-1, and (e)-(h) show the case of PM-
2. In general, the two cases present similar electromagnetic characteristics
at the same time instant despite the differences in amplitude.

Focusing on the case of PM-1 as an illustrative example, Fig. 7(a) and
(b) present the magnetic flux density and current density distributions at
t = teema [as illustrated in Fig. 5, calculated by Equation (22) using R,
avgl- It can be found that at the initial stage, most of the induced current
and magnetic flux are concentrated on the two edges of each turn. It is
interesting to note, despite the net positive induced current, that the cur-
rent direction is not unique in each turn: the distribution of the induced
current is influenced by both the variation of magnetic flux in the direction
of PM movement (magnetic flux density parallel to the wide surface of the
HTS turn, B,) and the magnetic flux density perpendicular to the wide sur-
face of the HTS turn (B,). As a result, the eddy currents due to B, will
enhance the induced current due to B, on one turn edge and mitigate/sur-
pass it on the other edge, as shown in Fig. 7(a) and (b). However, as the
distance between the PM and the HTS coil increases, the influence of B,
becomes weaker, and so is the induced eddy current due to B,; hence,
the current distribution at t = 40 s will be dominated by the induced cur-
rent due to B,, as shown in Fig. 7(c) and (d). During the entire PM moving
process, the magnetic flux and eddy current due to B, mainly occupy the
inner turns of the HTS coil, where most of the power dissipation is thus
generated (detailed analyses will be presented in Section 4.2).

4.2. Power dissipation and system efficiency

The AC loss generated in the HTS coil is attributed to the external
time-varying magnetic fields, and thus intuitively the magnetisation
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loss predominantly contributes to the overall AC loss. However, one
unique feature of this SWE system is that the induced current in the
HTS coil is a slowly time-varying DC, i.e., under the influence of the
external fields, dynamic loss can be produced [30-32]. Therefore,
the total AC power dissipation inside the HTS coil, Py, is composed
of the magnetisation loss, Pp,,g, and the dynamic loss, Pqyy, i.€., Pyt =-
Prag + Payn. Based on the numerical modelling results, the total
dynamic power loss (W) in the HTS coil can be quantified as [43]

P :;zv‘; 1) % JI[ Eooay, (56)

On the basis of (53) and (56), Py, Payn, and P, have been calcu-
lated accordingly and depicted together in Fig. 8. In general, the power
dissipation is in the order of 10~! mW. It can be seen that the total
power dissipation is dominated by the magnetisation loss, and both
the Py and Py, peak values appear at approximately 4.8 s for both
the PM-1 and PM-2 cases, which are in good accordance with ts mer
quantified by Eq. (22), the moment when the highest 0E/dt happens.
In addition, although magnetisation loss constitutes a significant por-
tion of the total AC loss, the ratio of dynamic loss to the total loss
increases with time and gradually approaches a stable value, e.g., in
the case of PM-1, Pyyy/Pyo converges to approx. 40%. In fact, at the ini-
tial stage when the PM has not moved a significant distance away from
the HTS coil, e.g., during t < t, mc, the induced DC is relatively low
and thus the dynamic loss is negligible compared to the magnetisation
loss. However, with the PM moving further from the HTS coil, e.g.,
when t > t, mr, the influence of the PM field is greatly reduced and
thus the magnetisation loss begins to drop. It should be noted that,
given that the induced DC in the coil keeps increasing during the
whole PM moving process, the ratio of dynamic loss to the total loss
will keep increasing accordingly, and the dynamic loss will not reach
the peak value at the same moment as the magnetisation loss. When
the PM continues to move further, both the magnetisation loss and
dynamic loss will keep decreasing as the PM field becomes less influ-
ential and the induced DC is approaching the persistent value. Conse-
quently, the total AC power loss will drop to nearly zero, and Pgyn/Piot
will reach a stable value given the unchanged transport DC: the varia-
tion of both the dynamic loss and magnetisation loss will be con-
tributed purely by the PM field, which however becomes
decreasingly significant.

The power loss density distribution across the cross-section of the
double pancake coil is depicted in Fig. 9(a) and (b) show the loss den-
sity distributions at t = ty.mc and t = 40 s in the case of PM-1, respec-
tively. Similarly, (c) and (d) separately correspond to the loss density
distributions at t = tseme and t = 40 s in the case of PM-2. The two
cases share the same loss density distribution pattern in spite of the dif-
ference in amplitude and thus to conduct a comprehensive analysis,
the case of PM-1 will be utilsied as a specific example. As seen from
(a) and (b), most of the power dissipation is generated in the inner
turns of the double pancake HTS coil and both edges of each turn,
which complies well with Fig. 7(a)-(d). At t = 40 s, when the PM is
sufficiently far from the HTS coil, the induced current is dominated
by the transport DC due to B, and the influence of B, turns out to be
negligible, therefore both the current density and loss density distribu-
tions become more even in all the turns. In addition, comparing Fig. 9
(a) and (b), it can be found that the power loss density decreases
rapidly with time, which agrees well with the variation trend of P,
in Fig. 8.

However, it is worth noting that the loss density distributions in the
two pancakes are not always identical. Fig. 10 demonstrates the vari-
ation of the different loss components in the top and bottom pancakes
of the double pancake HTS coil in the case of PM-1 in the time domain.
It appears that at the initial stage, e.g., t < 10 s, most losses are gen-
erated in the top pancake. Given that the induced transport DC due to
B, in each turn is forced to be the same, the loss differences in the two
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Fig. 8. Variation of the power dissipation and loss ratio in the studied double
pancake HTS coil in the time domain. Py, — total AC loss; Pgy, — dynamic loss;
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pancakes are caused by the variation of B,. In fact, the PM is initially
placed at the centre of the double pancake; in other words, during the
entire system energisation process, the PM keeps leaving the top pan-
cake but will go through the bottom pancake. As a result, the top pan-
cake will experience higher B, compared to the bottom one at the
initial stage. However, with the PM moving farther from the coil

(e.g., t > 10 s), the bottom pancake will experience higher B, on
account of the shorter distance between it and the PM. After the inte-
gration of the total AC loss P, over the time range 40 s, the energy
dissipation in the bottom pancake is 4.31 mJ, and the energy dissipa-
tion in the top pancake is 4.15 mJ. As a result, the power dissipation is
generated unequally in the two pancakes and higher loss dissipation
has been found in the bottom one.

According to Fig. 10, though the total AC losses, Py, for both pan-
cakes follow a decreasing trend after t > = t;. m, it is of interest to
point out that this decreasing trend is not purely monotonical, espe-
cially in the case of the bottom pancake. As far as the dynamic loss Pgy,
is concerned, in fact, the dynamic loss in a HTS conductor is in a non-
linear positive correlation to the amplitude of the transport DC and the
external magnetic field perpendicular to its wide surface [54]. During
the entire PM moving process, the induced transport DC in each HTS
turn keeps increasing; however, the B, seen by the pancake coil gener-
ally keeps decreasing. Therefore, it is understandable that we can find
two Pgy, peak values in the Pgy, curves: the first one is mainly con-
tributed by a higher perpendicular field when the PM is not far
enough, while the second one is caused by a higher transport DC
due to the flux variation along the z-axis. Compared to the bottom pan-
cake, at t > 10 s, the top pancake experiences a far lower B, and thus
its double-peak Pgy, effect is reasonably weaker. Additionally, consid-
ering that Py, is dominated by Pp,,s, the PM keeps leaving the top pan-
cake and the B, acting on the top pancake keeps decreasing, and thus
the total AC loss of the top pancake has a relatively monotonical
decreasing trend.

Following the above analysis, the system efficiency can be quanti-
fied. Limited by the moving range of the linear motor to drive the PMs,
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we have only acquired the force data till 28.6 s, as plotted in Fig. 6.
Given the good agreement between the measured forces and analytical
results in Fig. 6, the force data from 28.6 to 40 s have been comple-
mented by Eq. (40). In this way, taking PM-1 as an example, at
t = 40 s, we have

Wieernt = [ Fo(t)vdt = 219.88 mJ

Wempmi = w =210.50 mJ
Mot = e = 95.73 mJ

(57)

In the same way, the system efficiency for the case of PM-2 has
been calculated as 7py2 = 96.02%. Therefore, it can be concluded that
the overall efficiency of the tested energy conversion system at
t = 40 s is higher than 95%. The power dissipation in the HTS coil
can be obtained by

t
Wioss =/ le(t)dt (58)
0

10

Based on (58) and the modelled results considering the J.(H)
dependence, we have Wigsspm-1 = 8.46 mJ, and Wigss pm2 = 3.24 mJ.
Therefore, compared to the electromagnetic energies stored in the HTS
coil, the total AC losses of the coil during the whole energisation pro-
cess appear neglectable as W, i/ Wmeepma = 3.85% < 5%. How-
ever, it is still of significance to consider the loss dissipated during
the whole energisation process of the HTS electro-mechanical system
to accurately quantify its efficiency. Additionally, an extra 0.42% of
the total energy has been dissipated in the system, including the resis-
tive loss generated in the Sn-Bi alloy coil joints, as well as other fric-
tion losses from some mechanical structures. On the other hand, it
should be pointed out that the estimated #py.; and npy.2 have been
underestimated to some extent because we have only considered the
period 0-40 s. Given that the current induced in the HTS coil keeps
increasing (neglecting the influence of the non-superconducting joints)
and the mechanical force experienced by the PM keeps decreasing, a
longer studied period will lead to higher Wey,/Wiee, and thus higher
system efficiency. It is important to note that the studied SWE system
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in the article serves as a basic device for validating the proposed wire-
less energization method for SMs. It is anticipated that an improved
SWE system with less friction loss, equipped with a jointless SM can
achieve superior system efficiency. More future research efforts are
deserved.

5. Conclusions

A novel energisation method for SMs has been proposed in this
paper, which leverages the principles of flux conservation and the zero
DC resistivity exhibited by a superconducting circuit. A magnetic
dipole, e.g., a PM, is initially put in the center of a SM, which is in
the non-superconducting state (e.g., at room temperature); then, the
SM is cooled below its critical temperature to achieve superconductiv-
ity, and the magnetic dipole is driven to move away from the SM.
When the magnetic dipole has moved sufficiently far from the SM, a
persistent DC can be induced in the SM, resulting in wireless energiza-
tion of the SM.

Through theoretical analysis, numerical modelling, and experimen-
tal measurement, the proposed wireless energisation technique has
been validated. The whole SWE device is essentially a highly-
efficient energy conversion system. Through the utilisation of the H-
¢ formulation based modelling method, the power dissipation gener-
ated in the SM has been accurately calculated, which is in the order
of 10~ ! mW and is thus proven neglectable compared to the electro-
magnetic energy stored in the SM. Although the resistivity of the SM is
neglected in the derived analytical equations, they can be conveniently
exploited to estimate the electromechanical behaviors of the SWE
device with a bias ratio of less than 8%, avoiding complicated and
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time-consuming numerical modelling and experiments. In brief, the
studied SWE equipment can achieve an overall system efficiency of
no less than 95%, and it is anticipated with a jointless SM and less fric-
tion loss from the mechanical structure, superior system efficiency can
be achieved.

The proposed wireless energisation method for SMs is simple and
reliable. It has eliminated the heat accumulation in contact-type cur-
rents leads, the arc erosion and mechanical wear of conventional slip
rings, the high costs and complex structures of inductive brushless
exciters, complicated power electronics equipment, as well as long
charging duration and unsatisfactory efficiency of existing supercon-
ducting flux pumps. Furthermore, dynamo-type HTS flux pumps expe-
rience reduced functionality at lower temperatures due to the
escalation of the critical current, leading to an inability to generate
over-critical currents effectively with the rotating magnets. As a com-
parison, the proposed SWE system circumvents this issue and main-
tains operability at lower temperatures. However, it should be noted
that the success of the proposed SWE system has to rely on the achieve-
ment of the persistent current mode of the SM, i.e., a SM with extre-
mely low resistance is the key to retaining the circulating DC.
Therefore, a SWE system equipped with a jointless SM is anticipated
to achieve a superior efficiency approaching 1, which deserves further
research efforts in the future. It is believed that this article can help
enhance the understating of the intricate electromechanical dynamics
between magnetic dipoles and superconducting circuits and opens the
way to step changes in future power-dense transport and energy
sectors.
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