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• High-temperature superconducting (HTS) coils wound without turn-to-turn insulation (NI coils) show excellent electrical and thermal performance compared to HTS

coils wound with Kapton tape (INS coils). However, charging the NI coils using a direct current (DC) power supply have a slower charging time than the INS coils. To

overcome this slow charging time, research is underway to charge the NI coils using a flux pump, a DC voltage source, instead of a DC power supply. In this paper, we

conducted experiments to compare the charging characteristics of INS and NI coils charging by a rotary HTS flux pump. A superconducting circuit consisting of the two

coils with the same magnitude of inductance is connected in series. As a result of the experiments, we compare the charging characteristics when a DC voltage source of

the same value is applied to the two coils with a rotary HTS flux pump which is a contactless excitation rotary device.
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• No-insulation (NI) high-temperature superconducting (HTS) coils are a next-generation winding technique that

can miniaturize large MRI and NMR magnets that generate conventional ultra-high-field.

• The NI magnet is driven in a driven mode that requires physical contact with the power supply (P/S), not a

persistent current mode. The persistent current mode has technical difficulties because the operating current is

lost to thermal energy due to joint resistance and turn-to-turn contact resistance (characteristic resistance) of the

NI magnet.

• Driven mode has disadvantages such as heat load due to physical contact of the device at room and cryogenic

temperatures, a complex cooling system, a need for a large power system. These drawbacks not only cause

problems with the thermal and electrical stability of the system, but also increase the operating costs.

• To overcome these shortcomings, use a contactless excitation device without physical contact with the NI magnet

system, which provides energy to the magnet while reducing cryogenic heat load and achieves a more important

persistent current mode.

• In this study we present the charging results of two types of pancake coils. One is the NI HTS coil and the other is

a pancake coil insulated using Kapton tape between turn-to-turn (INS HTS coil). In order to compare the

charging results from the same power source, the charging characteristics of the rotary HTS flux pump are

described by connecting the IN and INS HTS coils in series.

• The charging delay that occurs when charging the NI coil using a power supply is larger in the flux pump, but the error is small at

passing frequency (f) above 20 Hz.

• At the same saturation current, the difference in maximum magnetic field occurred, but the error remained below 1 % at f above 60 Hz.

• The above drawbacks exist, but the use of flux pump reduces heat load, ensuring thermal and electrical stability of the magnet system,

reducing operating costs, and achieving persistent current mode.

A. Charging by power supply

Fig. 1. Pictures of INS and NI coils.

Fig. 2. Pictures of test system with INS and NI coils and a 

rotary HTS flux pump.

Fig. 3. Schematic equivalent circuits for charging the INS and NI coils using 

(a) power supply and (b) flux pump.

Fig. 4. Charging/discharging experimental results of (a) INS and (b) NI coils at 

0.5 A/s, (c) INS and (d) NI coils at 1 A/s.

Fig. 5. Charging results of series-connected (a) INS 

and (b) NI coils using a rotary HTS flux pump.

Fig. 6. (a) Time-normalized magnetic field and (b) 

time constant difference of the INS and NI coils 

according to frequency.

B. Charging by flux pump

Fig. 7. Experimental results of (a) current-magnetic 

field and (b) magnetic field ratio using power supply 

and rotary HTS flux pump.

• Fig. 2(a) shows a series connected INS and NI coils and a rotary HTS flux pump. In order to apply the same

magnitude power source to both coils, it is connected in series with a rotary HTS flux pump which consists of a

rotor containing eight PMs (N50) and single HTS tape.

• The air-gap, the distance between the HTS tape and the PM, is set to 5 mm, and the passing frequency of the

AMF (f) is set in 10 Hz units from 10 to 100 Hz. The magnetic field of PM (N50) in 5 mm air-gap is

approximately 0.21 T.

• As shown in Fig. 2 (b), the hall sensor of the lake shore is placed in the center of each coil to measure the axial

magnetic field in both coils. Since the INS coil has no charging delay in the current-magnetic field, the

measured magnetic field is used to calculate the magnitude of the current charged by the flux pump.

• Fig. 3(a) and (b) show the equivalent circuits for charging the INS and NI coils using a flux pump and a power

supply (P/S). 𝐑𝒋𝟏 and 𝐑𝒋𝟐 are joint resistance between INS and NI coils and power source, respectively, 𝐑𝒋𝟑 is

joint resistance between the coils, and 𝐑𝒄 is turn-to-turn contact resistance of NI coil (characteristic resistance).

• Fig. 4 shows the charging/discharging

experimental results of INS and NI coils using

P/S.

• 𝐈𝒐𝒑was ramped at 0.5 and 1 A/s from 0 to

maximum current (𝐈𝒎𝒂𝒙) which was set in 10 %

increments from 10 to 90 % of 𝐈𝒄 of the HTS

coil. Fig. 4(a) and (b) show the magnitudes of

the current-magnetic fields of the INS and NI

coils at a ramping rate of 0.5 A/s. Fig. 4(c) and

(d) show the experimental results for ramping

rate of 1 A/s.

• The INS coil was measured without

charging/discharging delay in the current-

magnetic field, but the NI coil was measured

with a delay of 5.025 to 6.105 seconds time

constant (τ) and summarized in Table II. τ

tended to decreases as the Imax increased, and

the experimental results showed 6.105 seconds

at 8.26 A (𝐈𝒐𝒑 / 𝐈𝒄 : 10.69 %) and 5.025 seconds

at 69.6 A (𝐈𝒐𝒑 / 𝐈𝒄 : 90.04 %).

• Fig. 5 shows a graph of charging results of series connected INS and NI coils using a rotary HTS flux pump. The

charging experiment was carried out by setting f in 10 Hz units from 10 to 100 Hz. As shown in Fig. 5(a), the INS

coil measured a saturation current (𝐈𝒔𝒂𝒕) of 51.4 A, a maximum magnetic field (𝐁𝑭) of 387 G, and a charging time

constant (𝝉𝑭) of 190.1 seconds. Fig. 5(b) shows the results of the charging experiment of the magnetic field and

current of the NI coil. 𝐈𝒔𝒂𝒕 of 51.4 A, 𝐁𝑭 of 376 G, and 𝝉𝑭 of 202.7 seconds was measured at 10 Hz. Even at the

same current, the magnitude of BF decreased and 𝝉𝑭 increased.

• Fig. 6(a) shows the time-normalized magnetic field of the INS and NI coil at 10, 50, and 100 Hz. This shows the

charging delay of the NI coil compared to the INS coil at each f. As shown in Fig. 6(b), the charging delay is

between 5.7 and 6.8 seconds with the exception of 10 Hz, which is a similar time to charging an NI coil using P/S.

• Fig. 7(a) shows a comparison of the magnitude of the magnetic field when applying the same 𝐈𝒔𝒂𝒕 is applied to the

NI coil with P/S and flux pump. As shown in Fig. 7(b), at 10 Hz, 𝐁𝑭 by flux pump compared to 𝐁𝑷 by P/S, Τ𝐁𝑭 𝐁𝑷,

is 95 %, but increasing f, magnetic field ratio ( Τ𝐁𝑭 𝐁𝑷) increases to 99.83%.

• All numerical experimental results are summarized in Table II.


