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Abstract: At present, HTS magnets cannot operate in the real closed-loop persistent current mode
due to the existence of joint resistance, flux creep, and AC loss of the HTS tape. Instead of using
a current source, HTS flux pumps are capable of injecting flux into closed HTS magnets without
electrical contact. This paper presents a practical superconducting DC dynamo for charging a
conduction-cooled HTS magnet system based on a flux-pumping technique. To minimize heat losses,
the rotor is driven by a servo motor mounted outside the vacuum dewar by utilizing magnetic fluid
dynamic sealing. Different parameters, such as air gap and rotating speed, have been tested to
investigate the best pumping effect, and finally, it successfully powers a 27.3 mH HTS non-insulated
double-pancake coil to the current of 54.2 A within 76 min. As a low-cost and compact substitute
for the traditional current source, the realization of a contactless DC power supply can significantly
improve the flexibility and mobility of the HTS magnet system and could be of great significance
for the technological innovation of future HTS magnets used in offshore wind turbines, biomedical,
aerospace, etc.

Keywords: HTS magnets; conduction cooled; contactless magnetizing technology; DC dynamo

1. Introduction

Thanks to its higher current-transmission capacity and better mechanical properties
under a high field, 2G high-T. superconducting (HTS) coated conductors (CC) represented
by ReBCO tape are capable of providing technical support for the realization of steady-state
high magnetic fields over 20 T and are extremely important for the technological innovation
of HTS magnets in engineering application fields, such as aerospace, offshore wind turbines,
biomedical, transportation, high-energy physics, etc. [1-4].

However, due to the presence of joint resistance, flux creep, and the AC loss of HTS
tapes, current decays in the closed superconducting circuit, when it is in the superconduct-
ing state. For HTS magnets working in the closed-loop persistent current mode (PCM),
current compensation is required. Normally, HTS magnets can be magnetized in two ways:
through power supply and current leads, or through contactless flux pumps.

The conventional power supply is bulky and needs access to the current lead, which is
connected between a room temperature and a low-temperature environment of the magnet,
forming a huge leakage heat source. A leakage heat source is extremely detrimental to low-
temperature maintenance of the superconducting magnets, particularly for high-current
superconducting magnets, which greatly limits the application and development of future
HTS magnets [5-7].
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A superconducting flux pump is a contactless DC power-supply device for supercon-
ducting magnets that compensates for current decay and ensures magnetic field stability by
pumping flux into the closed-loop circuit of superconducting magnets [2]. Many types of
HTS flux pump devices have been proposed in recent decades, including the heat actuated
flux pump [8-11], the rotating magnets flux pump [12-19], the linear type flux pump [20-23],
and the transformer rectifier flux pump [24-27], all of which can effectively achieve DC
magnetization for HTS coils or bulks.

However, the majority of those DC power-supply devices work under liquid-nitrogen
cooling, which does not meet the needs of practical applications for conduction-cooled
HTS magnets. In addition, although plenty of experiments have been presented to validate
the technical feasibility of HTS flux pumps and the induced DC voltage [28-30], the
microscopical level of the physical mechanism for the pumping effect still needs to be
studied and understood in depth in order to obtain an optimum pumping field and make
it practical for future large-scale applications of HTS magnets.

Therefore, for better-applying flux-pumping technology to the actual conduction-
cooled closed-loop magnet, the heat loss of the flux-pump device should be minimized
first. In the previous research, we found that a DC dynamo (rotating magnets flux pump)
is well suited to be utilized in the conduction-cooled HTS magnets if we move its heating
components outside the dewar by magnetic fluid dynamic sealing technology, and it
will convert mechanical energy into electromagnetic energy. Thus, in the future, we can
construct HTS magnets cooled by a Stirling cryocooler instead of the current GM cryocooler,
making the whole magnet system compact and portable. By applying this new technique,
the HTS magnet can be magnetized by a new segmented magnetization method, and its
configuration can be optimized by using multiple DC dynamos.

We created the first-generation DC dynamo for a conduction-cooled HTS magnet in
2021 [1,12]. In order to obtain a better pumping effect, a more compact conduction-cooled
HTS magnet system excited by the second generation (2G) DC dynamo was designed,
fabricated, and tested at Hunan University in 2022, as shown in Figure 1a. The size of the
dewar is reduced to lower the cooling burden of the cryocooler. Finally, we successfully
pumped 54.2 A to the 27.3 mH conduction-cooled HTS magnet system within 76 min.
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.

Figure 1. (a) Conduction-cooled HTS magnet system excited by the second-generation DC dynamo at

Hunan University. (b) Structure of the 2G DC dynamo in the conduction-cooled HTS magnet system.

2. Experimental Setup
2.1. Structure of HTS Magnet System

The experimental setup of the magnet system consists of a compressor, a water-cooling
unit, an ionization vacuum gauge, a 2G DC dynamo (Hunan University, Changsha, China),
a double-pancake coil (SuperPower Inc., Glenville, NY, USA), a Delta servo motor (Delta,
Shanghai, China), a KDE 412 GM cryocooler (CSSC Pride Cryogenic Technology Co., Ltd.,
Nanjing, China), and the measurement unit in Figure 1a,b. The Delta servo motor provides
mechanical energy for the 2G DC dynamo, and a shaft is connected between the motor and
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several disks with permanent magnets to turn mechanical energy into magnetic energy. The
measurement unit is composed of a LakeShore 425 Gauss meter (Lake Shore Cryotronics,
Inc., Westerville, OH, USA), a Keithley 2182 A Nanovoltmeter (Keithley, Cleveland, OH,
USA), and a thermometer. The thermometer monitors the temperatures of four sensors
that are installed inside the dewar. The Gauss meter tracks the magnetization of the DC
dynamo, and the voltage at both ends of the YBCO tape is displayed on the Nanovoltmeter.
LabVIEW is used to record the real-time amplitude of the magnetic field every 5.

2.2. Structure of 2G DC Dynamo

In the 2G experimental setup, the number of induction tapes is increased from one to
eight in order to enhance the induced magnetic field (Figure 1b). The induction-tape barrel
is designed and fabricated to accommodate eight stator tapes for parallel connection. The
rotor is made up of two disks with a slot depth of 6 mm. Sixteen NdFeB permanent magnets
with a 10 mm diameter and a 5 mm height are evenly distributed around the circumference
of the disk. The diameters of the disks are designed from 72 to 74 mm to control the air gap
(d) between the surface of the permanent magnets and the induction tapes, which varies
between 1 and 2 mm. The leakage rate is better than 1.0 x 10~10 Paxm?3/s, and the vacuum
degree is better than 10~ Pa.

In this experiment, induction tapes are 10 mm wide CC coils from Shanghai supercon-
ducting technology Co., Ltd, Shanghai, China. Eight induction tapes are connected in parallel
and fixed to the induction-tape barrel (Figure 1b). The load coil is a no-insulation (INI) double-
pancake coil (DPC), wound by a 4 mm wide YBCO-coated conductor from SuperPower Inc.
The critical current is 46.5 A at 77 K and 117-340 A at 40 K under a self-field.

2.3. Final Temperature Test

The main cooling device and elements are marked in Figure 2a. Four temperature
sensors were installed inside the Dewar to monitor the temperature in real time and ensure
that the system remains within the designed temperature range. By analyzing temperature
readings from the thermometer, the cooling path of the flux pump can be inferred and
determined to ensure the system is working properly.
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Figure 2. (a) The design of conduction-cooled path a-h and positions of thermometer 14. (a: GM
crycooler, b: first-stage cold head, c: rectangular cooper cooling conductor, e: oxygen-free copper plates,
f: L-shaped machined part, g: square copper cooling conductor, h: induction-tape barrel). (b) Schematic
diagram of temperature changes of the magnet system.

The water-cooling equipment and compressor operated for approximately 200 min
during the real cooling period of the system. The temperatures of the copper conductor c,
the load DPC e, the copper conductor g, and the induction-tape barrel h are represented
by T1, Ty, T3, and T4y, respectively, in Figure 2a. Through multiple tests, it was found that
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the temperatures ultimately stabilized between 45 and 53 K in Figure 2b, which meets the
magnetization margin of DPC I 4k = 117-340 A and protects tapes from quenching.

3. Experimental Results

Based on the 2G experimental setup, magnetization and demagnetization tests were
conducted on a conduction-cooled HTS magnet system with varying air gaps and rotating
speed, and the results are presented below.

3.1. Different Air Gaps: 1 mm or 2 mm?

By adjusting the diameter of the disk, the air gap (d) between the permanent magnets
and the induction tapes can be adjusted to 1 mm or 2 mm. The saturation magnetic fields
at 350 rpm were tested and recorded when d = 1 and 2 mm in Figure 3a. It is found that
after 209 min, the magnetic field reaches 2041 Gs at 350 rpm when d = 2 mm. To increase
the saturation field, the experiment was conducted by using large disks. When d = 1 mm,
the saturation magnetic fields at 350 rpm are recorded as 5586 Gs after 76 min. In addition,
Figure 3b demonstrates that the saturation magnetic field at 500 rpm when d = 1 mm is
higher than that when d = 2 mm. Therefore, it is obvious that a smaller air gap is better for
an optimal pumping field.
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2000 - AAAAAAAAAAAAAAAAA
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Figure 3. (a) Saturation magnetic field at 350 rpm when d = 1 mm and d = 2 mm. (b) Saturation
magnetic field at 500 rpm when d =1 mm and d = 2 mm.

Table 1 summarizes the magnetization and saturation results from the above experi-
ments. The saturated magnetic field of 1 mm is more than twice that of 2 mm. It is found
that the load coil can be excited by the 2G DC dynamo, and reducing the gap between
the induction tapes and the magnets is an effective method to enhance the pumping ef-
fect. Based on the available experimental data, the maximum saturation magnetic field
strength is 5586 Gs, which corresponds to 46.3% of the critical current at 45-53 K. The best
magnetization is achieved when d = 1 mm.

Table 1. Magnetization and saturation results at different gaps.
Air Gap . - .- o
(mm) Rotating Speed (rpm)  Saturated Magnetic Field (Gs)  Induced Current (A) Critical Current (%)
2 350 2041 19.8 16.9
1 350 5586 54.2 46.3
2 500 1560.3 15.1 129
1 500 4434 43.0 36.8
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3.2. Different Rotating Speeds at 1 mm and 2 mm Air Gap

As can be seen in Section 3.1, it is found that it is not the greater the rotating speed of
the dynamo, the better the magnetization effect could be. It can be considered that there
should exist an optimal value of the rotating speed. At the optimal rotating speed, the
magnetization rate is the fastest and the saturation magnetic field is the largest.

Figure 4a illustrates the magnetization process when d = 1 mm over a period of 25 min
at different rotating speeds from 200 rpm to 900 rpm. As can be seen, the magnetization
rate reaches its peak at 350 rpm, with a maximum value of 26 Gs/min. When the rotating
speed exceeds 350 rpm, the magnetization at 25 min (Bysmin) gradually decreases, despite
the speed still increasing.

a 8 b r — 4570
600 = \ (25 min, 400 rpm, 4566 Gs
4000
4500
500 3500
a0 3000
400
2500
300 2000
200 . 1500
% 1000

= e

25y

Figure 4. (a) Magnetization of small-disk experiment (d = 2 mm) at different rotating speeds.
(b) Magnetization effect of large turntable experiment at different rotating speeds (d = 1 mm).

The magnetization process at different rotating speeds was displayed for 25 min when
d = 1 mm in Figure 4b. The magnetization rate is found to peak at 182.64 Gs/min at a
rotating speed of 400 rpm, and the magnetization rates of the other rotating speeds are
all less than that of 400 rpm. Based on Figure 4a,b, it can be observed once more that the
magnetization effect is better when d = 1 mm, and thus, the subsequent experiments are
carried out with the fixed air gap.

In Figure 5a, the curve slope is maximum and almost constant during the first 5 min.
Therefore, the fastest magnetization rate is the increased magnetic field during this time
divided by the time 5 min. The fastest magnetization rate increases with the increasing
rotating speed, as shown in Figure 5c. The average magnetization rates for various rotating
speeds were determined by testing all the magnetization up to saturation at the optimal air
gap. The saturation field and the average magnetization rate at different rotating speeds
when d = 1 mm can be shown in Figure 5b,d, which are both maximum at 350 rpm and
smaller, as the rotating speeds spread to both sides.
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Figure 5. (a) Magnetization diagram with different rotating speeds when d = 1 mm. (b) Saturation

magnetic field at different rotating speeds. (c) Fastest magnetization rate at different rotating speeds.
(d) Average magnetization rate at different rotating speeds.

A demagnetization experiment, when d = 1 mm, was performed by reverse turning of
the server motor, and a demagnetization diagram and the average demagnetization rate
with different reverse rotating speeds are shown in Figure 6a,b. The curve slope at different
rotating speeds reveals that the slowest demagnetization occurs at 100 rpm. The average
demagnetization rate increases as the speed increases from 100 to 700 rpm, and the value at
700 rpm is about eight times greater than that at 100 rpm.
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Figure 6. (a) Demagnetization diagram with different rotating speeds when d = 1 mm. (b) Average

demagnetization rate at different rotating speeds.
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4. Theory of HTS Flux Pump

The closed-loop operation of conduction-cooled HTS magnets based on the flux-
pumping effect is feasible by experimental verification. However, this pumping effect
cannot be fully explained by the traditional electromagnetic induction theory [31,32]. Giaver
was the first to propose the superconducting rectification effect, which could convert an
AC electromagnetic field into a DC electromagnetic field, just like a DC transformer [33].
Recently, 2D /3D numerical calculations and experiments were presented to explain DC
voltage V. and internal resistance Rint in the flux-pump effect [29,30,34,35]. To improve and
complement the superconducting rectification mechanism from a microscopic perspective,
this paper puts forward a novel macroscopic magnetic flux quantum diffusion-rectification
theory, which provides a comprehensive explanation for the quantum phenomenon of AC
magnetic field-induced DC voltage inside the superconducting tape.

When the applied magnetic field strength (H) exceeds the lower critical magnetic field
(Hc1) of the type II superconductor, the superconducting tape enters a mixed state where
the superconducting state and the normal state coexist. The normal core and the overall
structure of the vortex current around it are usually referred to as the vortex structure. In a
uniformly distributed magnetic field, the vortex structure is uniformly distributed in the
superconductor, resulting in no net current generation, as in Figure 7a.

. ;
X

H I ©0 000 %0 h
© 0000 °4 o)
©0 000 ° s
© 0000 — [0} = (o) o —» V
© 000 06 o © o)
©o0 0000 o
©0 000 oo ©° 7
(a) In the uniform magnetic field  (b) In the decreasing magnetic field along

the x direction

Figure 7. Magnetic flux quantum distribution and body current generation mechanism diagram.

Once the vortex structure or the applied magnetic field is not uniformly distributed, a
macroscopic bulk current density | will be generated. The magnetic field H and the vortex
density decrease along the x-direction in Figure 7b. At the interface where the two layers
of vortex lines intersect, the current cannot cancel each other, which will generate a body
current | in the y-direction [36]. The non-uniform flux quanta in a non-uniform magnetic
field will form a vortex density gradient, resulting in a local diffusion effect. The vortex
moves from the high magnetic field region to the low magnetic field region. After reaching
the low magnetic field region, the vortex current decays, and the flux quanta annihilate.
This process eventually leads to the generation of a macroscopic-induced DC current.

The electric field generated by the moving flux vortex is described as follows [36]:

E =9, x B=1vp X n¢gp (@)

where vy, is the velocity of the vortex, ¢g is the quantum flux, and 7 is the flux number per
unit area. According to formulation (1), the vortex will accelerate over time, and the electric
field will increase accordingly. However, in the ideal type II superconductor, the electric
field is constant, indicating that there exists a viscous resistance f; in the process of flux
motion [36].

fL=nvL = jpo = .’Ij% 2)

where 7 is the coefficient of viscosity, j is the transmission current density, and p is the
magnetic flux flow resistance. The loss generated P = J-E.
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In order to prevent the motion of the flux vortex, when the Lorentz force of the flux
vortex exceeds the pinning force in a non-ideal type II superconductor, the flux begins to
move. Due to the magnetic field gradient and the body transmission current, there is no loss.

In general, the bulk current transmitted within the superconductor is generated exclu-
sively by the asymmetry of the magnetic field and the gradient of the vortex density [37].
When HTS tape carries a DC current and is subjected to an AC magnetic field perpendicular
to the direction of the current, dynamic resistance is generated, which is given by [38]:

2al
Ry = I f(Bu — Ban) 3)
c
2.4642 t
By = 2L (1 @

where g, ], and t represent the width, length, and thickness of the superconductor, respec-
tively; f and B, represent the frequency and magnitude of the applied AC field; B, 4, is the
threshold field below which dynamic resistance cannot be generated; and I and J. are the
critical current and critical current density of the superconductor, respectively. Inside the
superconductor, there is an induced DC voltage whose magnitude is positively correlated
with the gradient of the traveling magnetic field. To increase the magnetization saturation
current of the DPC, the driving voltage V. should be increased, and the dynamic resistance
R; should be reduced.

In this experiment, the diameter of the rotating disk determines the air gap 4 and,
hence, the applied traveling magnetic field gradient. The induced DC current increases
with the decreasing d.

5. Analysis for Large Inductance Applications

In practice, the value of inductance for HTS magnets is relatively large. For example,
a 15,000 Gs HTS magnet with a bore diameter of 60 mm has an inductance of 1 H. The
contactless magnetic flux rectification effect of the flux pump has only been tested and
verified on a magnet with a smaller inductance value (27.3 mH). Therefore, this paper
demonstrates whether a flux pump can be applied to HTS magnets with large inductance
from both simulation analysis and theoretical derivation.

5.1. Simulation Analysis

The equivalent circuit of a 2G DC dynamo with load is shown in Figure 8a. The stator
part of the DC dynamo can be represented by an open-circuit voltage V., a dynamic resis-
tance Rym, and a joint resistance R.. L is the equivalent inductance of the superconducting
magnets connected in series [13].

Based on the experimental data, the 2G DC dynamo can inject a maximum current
Imax of 117 A at 40 K, with a joint resistance R, of 3 x 10~% Q) and a variable resistance Ry
of 1076 Q.

The current flowing in the loop is:

(Rg+Re)t
I(t) = (Il - Imax)e L + Imax (5)
where [; is the initial value of the current in the circuit and is set to zero. The voltage across
the coil load is:

dl

Voe — I(R R,)=L—
oc (d"’ c) dt

(6)
The inductance is: .
L=) L ()
i=1
where L; is the value of the i-th inductor. The I-t image of the effect of small inductance

(single load coil) and large inductance (50 load coils linked in series) on the circuit, according
to the above formulations, is shown in Figure 8b.
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Figure 8. (a) Equivalent circuit diagram of the 2G DC dynamo. (b) Effect of small inductance and
large inductance on the circuit.

5.2. Theoretical Derivation

To better apply the 2G flux pump in NI HTS magnets with large inductance, the black-
box method is employed to investigate the pumping system. The flux pump is treated as a
black box with load coils attached at both ends, and the power of the magnetization system
is calculated by evaluating the load magnets. The magnetization rate of the load coil is
measured, and ANSYS finite element simulation is used to introduce an induced magnetic
field of 103 Gs for 1 A induced current.

B = 0.0103] (8)

The power of a magnetic flux pump is:

1772
5LI
p=_2 ©)
t t
Further, we can get:
2

L( g3 2

P (0.0103) LB < 108 (10)

2t 21218t

Hence, based on the black-box method, the power of the 2G flux-pump system is
calculated to be 8.8 mW.

To determine whether the system can be used in magnets of a large inductance, the
power of the 2G flux-pump HTS closed-loop operation system is kept constant. According
to Equations (9) and (10), the following equation can be derived:

L2 L[,I,2
11: 212 (11)
2] ty

L1B? _ LBy 2 (12)
5] 1)

Set Ly =27.3 mH, By =5586 Gs, I =54.2 A, t; = 76 min = 4560 s, and L, = 0.65 H. At
the same magnetic field strength and induced current, the magnetization time for magnets
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with a large inductance (L) is longer than that with a small inductance (L), which can be
obtained as follows: t, = 30.16 h.

Consequently, this DC dynamo can be applied to conduction-cooled HTS magnets
with proper inductance under three working modes: magnetization mode, compensation
mode, and demagnetization mode. In the magnetization mode, it can excite a 0.65 H magnet
to 50,000 Gs in about 30 h. In the compensation mode, the load current can be compensated
quickly and effectively. Moreover, the 2G flux pump can realize rapid demagnetization for
the load coil by reverse rotation of the motor.

6. Conclusions

In this study, we demonstrated a conduction-cooled HTS magnet system excited by a
2G DC dynamo and operating at 45-53 K, with a current of up to 54.2 A and an inductance
of 27.3 mH.

On the basis of the theoretical analysis and equation derivation, we verified that the
2G DC dynamo can be applied to magnets with large inductance. The novel DC dynamo
is portable, compact, and capable of meeting the needs for the superconducting magnet
magnetization and compensation requirements by converting mechanical energy into
electrical energy without generating extra heat loss. Its realization implies the possibility of
a new practical method of magnetizing HTS magnets, which can replace the traditional
expensive bulky DC power supply and current leads for HTS magnets. The maturity
of this contactless magnetization technology will encourage the endless development
and application of HTS magnets in biomedical, aerospace, offshore wind turbines, high-
energy physics, large science projects, fusion, and many other fields, resulting in significant
redevelopment of steady-state strong magnetic field equipment.

However, it still has some imperfections that need to be improved in future work for
commercial applications.

(1) The internal heat leakage of the flux pump is caused by the heat produced by the
joint resistance between the induction tapes and the connections between the induction
tapes and the load. At present, stator tapes are in the form of multiple parallel connections
to reduce Ry. In the next stage, we will focus on improving the welding technique of the
joint resistance to ensure that the resistance value reaches the level of n() magnitude so
that a Stirling cryocooler with lower cooling power can be used.

(2) At present, most of the previous studies tend to investigate at the device level,
ignoring the understanding of the intrinsic orientation of the flux-pumping phenomenon.
As superconductivity is a macroscopic condensed behavior based on quantum mechanics,
the effective motion of fluxon vortexes induced by the traveling magnetic wave should
be further explored, in order to achieve efficient macroscopic regulation of the fluxons
and finally realize the optimization of all types of flux-pump devices, so that the pumping
efficiency and maximum output power could be both improved.
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