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Abstract: General-purpose electromagnets are widely used to measure and analyze the magnetic properties of various materials. The
performance of these electromagnets depends mainly on the magnitude and uniformity of the magnetic field. As the allowable current
density of copper wires, which are generally used in these electromagnets, does not exceed 5 A/mm? at room temperature, it is difficult
to generate a high magnetic field, and water-cooling is required to mitigate the temperature rise at higher current densities. High-
temperature superconductors (HTSs) have significantly higher current-carrying capacity than copper; thus, general-purpose electro-
magnets based on HTS coils can generate higher magnetic fields and are more compact than conventional electromagnets that use
copper coils. However, given that the use of a superconducting joint is not feasible in an HTS coil, it should always be physically
connected to an external power source at room temperature for current charging. This places a large thermal load on the cryogenic
cooling system for the HTS coil, which may decrease the operating stability of the coil over time. This study proposes a general-
purpose HTS electromagnet based on a contactless current-charging method. The proposed electromagnet is composed of a ferromag-
netic iron yoke, HTS coils, cryogenic cooling system, and contactless charging system. The HTS electromagnet was designed and
analyzed using finite element analysis coupled with electrical circuit analysis. The HTS electromagnet offers better field performance
than a conventional general-purpose electromagnet even though it is only half the weight of the latter. We expect that the proposed
HTS electromagnet can be applied in fields that require excellent magnetic field performance but also have size limitations.
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1. Introduction

General-purpose electromagnets are widely used to measure
and analyze magnetic properties, such as magnetic hysteresis and
magnetic susceptibility [1]-[4].

The performance of general-purpose electromagnets depends
mainly on the magnitude and uniformity of the magnetic field in
the sample space. Generally, copper coils are used for generating
a magnetic field in conventional electromagnets. However, as the
allowable current density of copper wires does not exceed 5
A/mm? at room temperature (RT), conventional electromagnets
are not feasible for generating a high magnetic field in a limited
volume.

Superconductors are known to have very high current-carrying
capacities compared to normal conductors, such as copper and

aluminum. In particular, high-temperature superconductors

(HTSs) have a very high current-carrying capacity compared to
normal conductors, and they are thus widely studied for applica-
tion in ultra-high field magnets for physical property measure-
ments [5]-[7]. HTS-based electromagnet systems are expected to
generate higher magnetic fields in a compact size compared to
conventional electromagnets that use copper coils. Therefore,
several studies have attempted to apply HTS coils to general-pur-
pose electromagnets [7]-[9]. In these studies, the HTS coil is cur-
rent-charged in a power-driven mode, where the HTS coil is
physically connected to an external power supply at RT. This
places a large thermal load on the cryogenic cooling system for
the HTS coil, which can thereby decrease the operating stability
of the coil. As superconducting joints cannot be realized using
the HTS tape, HTS coils, in contrast to low-temperature super-

conductor coils, cannot be operated in constant current mode.
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Furthermore, the HTS coil must be physically connected to the
external power supply even after its operating current attains the
target current.

This issue has been addressed by investigating techniques,
such as flux pumps and joint-less HTS coils [10]-[11]. However,
these are limited to small-capacity magnets; thus, a technique that
can be applied universally needs to be developed.

The present study proposes a new type of general-purpose
HTS electromagnet based on a contactless current-charging
method using a magnetic coupler. The proposed model is com-
posed of HTS coils, a ferromagnetic iron yoke, a cryogenic cool-
ing system, and a magnetic coupler. The iron yoke has an H-
frame configuration and uses cobalt iron, which has superior
magnetic properties. The HTS coils are designed using 1c-B data
for acommercial 2G HTS tape. To do this, the dependency of the
critical current of the HTS tape on an external magnetic field is
measured. A finite element analysis model coupled with an elec-
trical circuit model is developed to evaluate the current-charging
characteristics. The results demonstrate the feasibility of the pro-

posed general-purpose HTS electromagnet.

2. Configuration

Figure 1 shows the proposed general-purpose HTS electro-
magnet. It consists mainly of four parts: a pair of HTS coils, cry-
ogenic cooling system, H-frame iron yoke, and current charging
system. Although the shape of the H-frame iron yoke is identical
to that of a conventional electromagnet, the diameter of the exci-
tation coil can be reduced because of the use of the HTS coils,
meaning that the size of the iron yoke can be reduced. Each HTS
coil consists of double-pancake coils, and the pole is surrounded
by the HTS coils. The proposed configuration does not require a
refrigerant and is compact.

In the proposed model, contactless charging method is used
instead of the conventional power-driven mode to charge current
to the HTS coil. A schematic of a contactless current charging
system using a magnetic coupler is shown in Figure 2. In the
charging system, a compensation network is necessary to reduce
the leakage inductance because the transmitter (Tx) coil and re-
ceiver (Rx) coil are loosely coupled. In this study, a series—series
compensation network was used for the proposed electromagnet
system, as this network facilitates power transfers even with a

large air gap.
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Figure 1: Conceptual structure of a general-purpose HTS elec-

tromagnet
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Figure 2: Schematic of a contactless current charging system for
the HTS coil

3. HTS electromagnet and magnetic coupler de-
sign

This study aims to propose an HTS electromagnet model that
is more compact than a conventional electromagnet and has equal
or better performance. Therefore, we proceed with the initial de-
sign based on model 3474 of GMW Associates, a representative
general-purpose electromagnet manufacturing company. The
model 3474 electromagnet has the following specifications: a
pole diameter of 250 mm, H-frame iron yoke dimensions of 920
mm width x 636 mm thickness x 864 mm height, a weight of
1,800 kg, and a maximum magnetic field density of 3.5 T with a

10 mm gap distance and 25 mm pole face. The pole diameter of
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the proposed HTS electromagnet equals that of the model 3474
electromagnet but has smaller coil and iron yoke because of the
use of the HTS coil.

To design the HTS electromagnet, an electromagnetic analysis
coupled with an electrical circuit analysis was performed using
commercial finite element modeling software and an electromag-
netic analysis tool for solving Maxwell equations to determine
the magnetic field within the model. Figure 3 shows the 3D
model that includes the HTS coils, H-frame iron yoke, the pair of
poles, and the air domain. The cryocooler and cryostat for HTS
coils, and the underframe were ignored for simplification of the
model. In the case of air domain, a sub-air domain was built to
analyze field distribution more precisely in a region between pole
faces. For an H-frame iron yoke and poles, a ferromagnetic ma-

terial with the magnetization curve shown in Figure 4 was used.

Figure 3: 3D geometry of the proposed general-purpose HTS

electromagnet model for the finite element analysis

In addition, mesh convergence tests were performed to en-
hance the reliability of this simulation model, and the results are
shown in Figure 3. The magnetic energy and flux linkage in the
coil according to the number of nodes in the analysis model were
simulated, and these values converged to 171.48 J and 14.3 Wh,
respectively, at the number of nodes greater than 810,000.

The simulation was iterated while maintaining the pole diameter
and changing the dimensions of the iron yoke and the magneto-
motive force (MMF) of the HTS coil. Based on the simulation
results, the height, width, and thickness of the iron yoke were
designed to be 670, 750, and 400 mm, respectively, and the re-
quired MMF of the HTS coil was found to be 9.6 kA-t. When the

HTS coil is excited with the maximum MMF, the magnetic field

density at a gap distance of 20 mm and a pole face of 20 mm
exceeds 3.8 T. Specifications of the proposed electromagnet
model and commercial model 3474 electromagnet are compared
in Table 1.
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Figure 4: Magnetization curve (B-H curve) of the ferromagnetic

material for the proposed HTS electromagnet
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Figure 5: Mesh convergence test result: magnetic energy & flux

linkage vs. the number of nodes

Table 1: Comparison of specifications between the proposed

electromagnet and commercial model 3474 electromagnet

Parameter Proposed model| Model 3474
Maximum field (.1en3|ty @ >30T >38T
20 mm gap distance
Field Uniformity
<40 <169
@ 20 mm gap distance 4% 1%
H670 /W
. . H 864 /W 920/
Dimensions D 636 mm 750/ D 400
mm
Iron yoke type H-frame H-frame
Maximum ollc::r:eter of pole 250 mm 250 mm
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Compared to the model 3474 electromagnet, the proposed
electromagnet model has a 40% smaller overall volume and 20%
higher field density at a 20 mm gap distance. In addition, the tar-
get specification of the field uniformity was determined so that
the value could be further improved over the specification pre-
sented in model 3474. Based on the designed specifications of
the electromagnet, an HTS coil capable of generating a target
MMF was designed.

To design the HTS coils, the critical current degradation char-
acteristics must be parameterized with the external magnetic
fields and operating temperature. Figure 6 shows the measured
dependency of the magnetic field on the critical current of the 2G
HTS wire. The test equipment shown in Figure 7 was used for
this experiment. The test equipment is a cryogen-free supercon-
ducting property measurement system (SPMS) which was devel-
oped by the Korea Electrotechnology Research Institute in 2011
[12]-[13]. The system consists of a racetrack-type background
magnet, HTS current lead, and cryocooler. The background mag-
net has a split-pair winding configuration, and RT bore of the
magnet has dimensions of 38 mm (length) x 134 mm (width) x
360 mm (depth). In addition, the field uniformity of SPMS is
lower than 1% within the virtual sample region of 15 mm (width)
x 100 mm(depth). The specifications of the test equipment are
summarized in Table 2 [12].
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Figure 6: Dependency of the critical current on the operating
temperature and external magnetic field

After installing the HTS tape in the sample holder of the
SPMS, the sample holder was inserted into the RT bore of the
SPMS. Using a cryocooler connected to the sample holder, HTS
tape was cooled to the target temperature. After that, the critical
current of the HTS tape was measured using the 4-point method
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Figure 7: System used for measuring

the critical current of the

HTS tape according to the operating temperature and external

magnetic field

Table 2: Specifications of the test equipment

Parameter Spec.
Central magnetic field density >3T
Field uniformity <2%
Minimum sample temperature <20K
Maximum test current >300 A
Temperature variation during testing <0.1K
Operating current for 3T 290 A
Table 3: Specifications of the HTS Coil
Parameter Spec.
. 2G HTS wire
HTS wire (I = 137 A@77 K, self-field)
Manufacturer Superpower Inc.

Winding structure

Double Pancake x 2 ea.

I.D. 360 mm
Winding turns 400 turns x 2 ea.
Operating temperature 40 K
Estimated coil I¢ 1233 A

while gradually increasing the current flowing through the HTS
tape using the power supply. In this experiment, the magnitude
of the external magnetic field and the cooling temperature of the
HTS tape were used as variables, and the critical current was
measured while increasing the external magnetic field from 0.5
to 3 T at the field orientation (0) of 90°. The I—B curve data at
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40 K in Figure 6 was used to determine the maximum operating
current of the HTS coil [14]-[15]. The specifications of the de-
signed HTS coil are shown in Table 3.

In this study, a Tx coil and an Rx coil for contactless current
charging of the HTS coil were designed. Considering the overall
size of the HTS electromagnet system, planar circular-type ge-
ometries of the Tx coil and Rx coil were selected. The two coils
were designed based on the coil geometry parameters and induct-
ance. The fundamental geometric specifications of the two coils
were roughly designed to enhance the coupling coefficient, and
then the two coils were designed in more detail via a finite ele-
ment analysis.

The compensation capacitances at the transmitter side and re-
ceiver side in the series—series compensation topology were cal-
culated using Equation (1) [16]-[17].

__ CrLg _ 1
Cr= 1r R erfgxig) @

where fo is the operating frequency, which was set to 10 kHz in
this study. The gap distance between the Tx and Rx coils was
determined to be 30 mm considering the multi-layer insulation,
which is used for radiation shielding of the cryogenic system. Ta-
ble 4 shows the specifications of the magnetic coupler, including

the Tx coil, Rx coil, and compensation network.

Table 4: Specifications of the magnetic coupler

Item Tx side Rx side
Coil 1.D. (mm) 20 100
Coil 0.D. (mm) 200 150
Coil Turns 180 50
Coil Inductance (mH) 0.691 0.494
Compensation Capacitance (nF) 756 713

The contactless current-charging method used in the proposed
electromagnet model has lower power transfer efficiency than the
conventional power-driven method. However, the purpose of the
proposed method is to improve the thermal stability of the HTS
magnet system, which may be achieved by reducing the thermal
load caused by the current lead. Therefore, in this study, the ther-
mal load of the HTS magnet system under the power-driven
method was compared to that under the contactless current-
charging method. The thermal loads of the HTS magnet system
were calculated using Equations (2)-(4) [18]-[19].

AcL Ler

PcilcLl? keLAct(TH—TL)
QCL:(J cLcL _\/ Lo LY2 4 214 perker (Ty — Tt 2

Qx = NLALkIL(LTH—TL) (3)

1-¢ AN
0u = otr -1ty (24 ) )
where, QcL and Qk are the conduction thermal loads by a pair of
current leads and the leading-in tubes for the signal lines, respec-
tively; Qr is the thermal load by the radiation heat transfer from
the vessel wall. The thermal load calculated from the equations
was 4.87 W for the power-driven method and 1.94 W for contact-
less-charging method. Therefore, it is expected that the thermal
load of the HTS magnet system can be reduced by more than 60%
using the proposed model. Although the eddy-current loss due to
leakage flux between Tx and Rx coils was not considered in this
calculation, the use of a non-metallic material, such as glass fiber
reinforced polymer for a part of the cryostat between the Tx and

Rx coils is expected to reduce the effect.

4, Results and discussion

In this study, we analyzed the charging characteristics of the
HTS coil by the contactless current-charging method. The exci-
tation current to the HTS coil was supplied through a full-wave
rectifier and a smoothing capacitor. Figure 8 shows the circuit
diagram, including the full-wave rectifier and compensation net-
work. Figure 9 shows the simulation results for the charging cur-
rent in the transmitter current condition of 30 Aand 10 kHz.

The current in the HTS coil was charged with an operating cur-
rent of 30 A for approximately 200 ms, which is much faster than
the normal charging speed of an HTS coil. Therefore, to stably
charge the HTS coil, the current must be gradually increased on
the transmitter side. After the current-charging of the HTS coil,
the magnetic field distribution in the sample space was analyzed.
Figure 10 shows the simulation results for the magnetic field dis-
tribution in the HTS electromagnet. The results indicate that the
H-frame iron yoke and pair of poles play a significant role in
guiding and focusing the magnetic field. Given that the H-frame
iron yoke and poles consist of a ferromagnetic material with very
high magnetic permeability, the magnetic field can flow across
both pole tips through the air gap.
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Figure 8: Circuit diagram having the compensation network and

full-wave rectifier
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Figures 11(a) and (b) demonstrate that the HTS electromagnet g
provides spatial field uniformity of <2% over a 10 mm diameter R - -,
of the spherical volume (DSV). The spatial field can be improved -80 -40 0 40 80
by increasing the area of the pole face. However, this weakens Y-Coordinate [mm|]
the concentration of the magnetic field and the air gap field den- Figure 12: 1D distribution of the magnetic field in the air gap

sity [18]. Compared to the conventional general-purpose between (0, -80, 0) mm and (0, 80, 0) mm
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Figure 13: Central magnetic field density in the air gap accord-
ing to the diameter of the pole face, and the MMF of the HTS
coil: (@) 1 mm gap distance, (b) 5 mm gap distance, (c) 10 mm
gap distance, and (d) 20 mm gap distance

Figure 12 shows the distribution of the magnetic field in the
y-axis direction. The graphs plot the magnetic field density from
y =-80 mm to y = 80 mm in steps of 0.16 mm. Cut lines of the
magnetic field at different positions are given, showing relatively
good field homogeneity at r < 10 mm. The inhomogeneity of the
magnetic field can be reduced by increasing the diameter of the
pole face. Figure 13 shows the air gap field densities with the
MMF and diameter of the pole face. The magnetic field densities
in the air gap increase linearly to 2.0 T as the operating current
increases. However, the magnetic field density in the oversatu-
rated region is significantly limited by the coil current. This oc-
curs because the leakage flux in the saturation region increases
as the MMF stemming from the coil current increases. In addi-
tion, the maximum magnetic field of the HTS electromagnet with
a 25 mm pole face and 5 mm gap distance is limited to 4.35 T or
less based on the critical current of the HTS coil.

5. Conclusion

In this study, a general-purpose electromagnet utilizing a fer-
romagnetic iron yoke and HTS coils charged using a contactless
charging method was designed, and the current charging charac-
teristics of the HTS coil and the magnetic field performance were
assessed using finite element analysis coupled with electrical cir-
cuit analysis. To design the HTS coil, the dependency of critical
current on the external magnetic field of 2G HTS tape was ex-
perimentally evaluated. Based on the simulation results, we con-
firmed that the HTS coil in the proposed HTS electromagnet
model can be excited using the contactless charging method. In
addition, the designed HTS electromagnet provided variable
magnetic fields of 0-3 T at a 20 mm gap distance and 100 mm
pole face with field homogeneity of better than 2% within a 10
mm DSV. Compared to the conventional electromagnet, the pro-
posed model is more compact and has higher field performance,
implying greater suitability in situations affected by size limita-
tions. Thus, this design is expected to be used in nuclear magnetic
resonance equipment, superconducting synchronous motors for
electric propulsion, and superconducting synchronous generators
for offshore wind power as it can reduce the thermal load caused
by current conductors. However, this study only considers
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simulation results, whereas the actual model has not yet been fab-
ricated and assessed. Therefore, in future research, we plan to
verify the proposed method through actual model fabrication and

testing.
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