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Abstract:

High-Temperature Superconducting (HTS) coils wound from coated conductors without turn-to-turn
insulation (NI coils) have been proven with excellent electrical and thermal performances. However,
the slow charging of NI coils has been a long lasting problem. In this work, we explore using a
transformer-rectifier HTS flux pump to charge an NI coil and a Metal-Insulated (MI) coil. The
charging performance comparison is made between different coils. Comprehensive study is done to
thoroughly understand the electrical-magnetic transience in charging these coils. We will show that
the low-voltage high-current flux pump is especially suitable for charging NI coils with very low
characteristic resistance.

1. Introduction

High-Temperature Superconducting (HTS) Non-Insulated (NI) coils have been proven promising for
high field magnets because of their excellent electrical and thermal stability, self-protection ability
and compact size with high current-field density[1-3]. In latest research, a series of high field HTS NI
magnets from 7 T up to 35 T were successfully built [4-5]. However, a significant low charging and
discharging speed was also found as a disadvantage of the NI coil [3]. The slow charging is because
of the low turn-to-turn contact resistance which is described as a Characteristic Resistance (R.) in
parallel with the coil inductance [1, 6-8]. To improve the charging/discharging speed, the partial
insulated [9] and Metal-Insulated(MI) [10] methods have been proposed. The Ml coil design has been
proven an effective option to optimize the characteristic resistance, which can accelerate both the
charging and discharge process. In addition, a novel graded-resistance method was proposed in [11] to
achieve a rapid and passive recovery of the NI coil.

HTS flux pumps can inject flux into closed superconducting circuit, making quasi-persistent
current mode in closed HTS coils possible. Several types of HTS flux pumps for HTS coils have been
developed during recent years, including rotating permanent magnets based flux pumps [12-15],
linear travelling wave flux pumps [16, 17], a self-switching flux pump [18], and an AC field
controlled transformer-rectifier flux pump [19, 20]. Recently, a study on charge—discharge
characteristics of no-Insulation GdBCO coils energized by a rotating permanent magnets based flux
pump was presented, which verified the feasibility of employing the rotating permanent magnets
based flux pump to charge NI coils [21].



In this work, we will study the charging performance of the HTS transformer-rectifier flux pump for
three types of HTS coils: an Insulated (INS) coil, an M1 coil, and especially a soldered impregnated
NI coil with very low R.. A comprehensive comparison of charging characteristics of the INS coil, the
MI coil, and the low R, NI coil will be presented and analysed. Impacting factors of the flux pump on
charging different coils are also to be investigated. This work will help researchers understand the
electro-magnetic transient behaviour of charging Ml coils and NI coils.

2. Experimental system

2.1 Specifications of the insulated, non-insulated, and metal-insulated HTS
coils

Fig. 1 shows the pictures of three double-pancake (DP) test coils: (a) a kapton tape insulated (INS)
YBCO caoil; (b) a Metallic-Insulated (MI) YBCO coil which was wound with a sandwich-type
laminated YBCO tape. The tape was laminated with two 100um-thick copper lamination layers on
both sides; (c) a Non-Insulated (NI)coil which is impregnated by liquid solder (Type 6337) at185°C.
The aim of solder impregnation is to reduce the turn-to-turn contact resistance, thus reducing the
characteristic resistance of the NI coil. The INS coil and the MI coil were wound with tape
manufactured by Shanghai Superconductor Technology Company (SSTC); the NI coil was wound
with YBCO tape from SuperPower. The critical current of the tape from SSTC is around 100 A, the
critical current of the tape from SuperPower is around 95 A. After coil winding, the critical current of
the INS coil is 62 A, the critical current of the Ml coil is 65 A, and the critical current of the NI coil is
35 A. All the critical current values were measured at the temperature of 77 K with the criterion Eq=
10" V/m. The critical current of NI coil is only 35 A because on one hand we used a different type of
HTS tape which has thinner substrate and better stabilizer conductivity, and on the other hand the
solder impregnation process caused considerable 1. degradation. The number of turns is 60 for the INS
double pancake coil and MI double pancake coil, and it is 64 for the NI double pancake coil. The
inductance of the INS coil was measured before soldering the two terminations together using an
inductance meter. The value is Liys con=122.8 uH. The inductances of the other two coils are not
measurable by the inductance meter. We assume that the three coils have similar inductance values
because they share similar geometries and similar number of turns.
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Fig.1. Photos of (a) the insulated coil (INS Coil), (b) the metal-insulated coil (MI Coil), and (c) the
solder impregnated non-insulated coil (NI Coil).



Fig. 2 shows the sudden discharge curves of the NI coil and Ml coil before soldering the terminations
together. The time constant 7 refers to the time taken for the magnetic field in coil centre to decease by
1— 1/e (approximately 0.6321). It can be calculated from the sudden discharge curve of the coil. As
shown in Fig. 2, v coii= 0.4, Tn coi= 120s. The R, can be calculated as:

Lcoil
Rc =

€y

T

From the Eq. (1), the R. of the test coils are calculated as: R¢ wi coit =0.3ML; R¢ njcoit =1.0 pHQ.Table 1
summarizes key parameters of the three test coils.
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Fig.2. Discharge curves of (a) the Ml coil and (b) NI coil.
TABLE I. Specifications of the INS coil, Ml coil, and NI coil.
Kapton Tape Metal Insulated Coil Solder Impregnated
Insulated Coil NI Coil
I. of YBCO tape 100 A 100 A 95 A
. of coil 62 A 65 A 35A
Outer Diameter 85 mm 88 mm 78 mm
Inner Diameter 63 mm 63 mm 63 mm
Number of Turns 30SP/60DP 30SP/60DP 32SP/64DP
Inductance 123uH ~120uH ~120uH
R. / 300 uQ 1uQd

(SP refers to single pancake, DP refers to double pancake.)

2.2 The transformer-rectifier flux pump

The transformer-rectifier flux pump is similar to that proposed in Ref. [19]. As shown in Fig. 3(a), a
transformer with a turn ratio of 200:5 was used to induce a high alternating current in its secondary
winding. The primary winding of the transformer was made of copper wire, and the secondary
winding of the transformer was made of SuperPower’s YBCO tape with a critical current of around
180A. The two ends of the secondary winding were soldered to an YBCO bridge, forming a charging



loop. The two terminations of the DP coil to be charged are also soldered to the YBCO bridge, thus
forming a load loop. The bridge can be switched by dynamic resistance [13, 19, 22-24], which is
generated by an AC field perpendicular to the wide surface of the bridge superconductor . The field
magnet is the same as reported in Ref. [25]. The bridge design is different from our previous work.
We used a bifilar structure [26] in the bridge, as shown in Fig. 3(a)and Fig. 3(b). Two closely attached
YBCO tapes (insulated from each other) were soldered together at one end. The YBCO tapes were
made by Sunam, with a critical current over 500A @77K. The terminations of the secondary winding
were parallel soldered to each bridge tape. This was also applied to the terminations of the load coil.
This design minimizes the mutual coupling between the charging loop and the load loop, as well as
the inductive voltage generated in the load loop by the field magnet. The signal generation system and
power supplies for the flux pump are the same as reported in Ref. [27].

The equivalent circuit of the transformer-rectifier flux pump system for NI coil and MI coil is shown
in Fig. 3(c).Where Rgy, is the dynamic resistance of the “Bridge” tape, which acts as a magnetic field
controlled switch. R,represents total resistance in the charging loop, including joint resistance and flux
penetration induced resistance. The value of this resistance is estimated to be 60u€. This resistance is
essential for the flux pump, because it allows flux to become linking the charging loop from outside.
This resistance may also be another dynamic resistance, which we will investigate in our future work.

The equivalent circuit of the NI coil and MI coil is based on the model of Hahn et al [1]. Rjgint
denotes the joint resistance in the load loop. L, is the inductance of the YBCO DP coil. R, represents
the characteristic resistance of the MI and NI coil (Which is considered infinite for the INS coil).

Basic electric circuit parameters are presented in Fig. 3(c) as well, including: the transformer
primary current iy, the secondary currenti,, the voltage across the load coil V., the bridge current ig,
the load current i, the azimuthal current (i) flowing through the YBCO tape, and radial bypass
current iy flowing through the turn-to-turn bypass path in NI or MI coil. The relationship between
these currents is shown in the following formulas.

Lb=lg+i. (2)

iL=lg+ir (3)
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Fig. 3. (2) Photo of the transformer-rectifier flux pump for an HTS coil, (b) the bifilar bridge design,
(c) equivalent circuit of the transformer-rectifier flux pump system for the HTS NI coil, where the
equivalent circuit of NI coil refers to the model of Hahn et al [1].

2.3 Signal acquisition

The signal acquisition system has been shown in Fig. 3(a) as well. The currents i, and i_ were
monitored via two Hall-Effect current sensors respectively. A Hall sensor was fixed at the centre of
the DP coil to monitor the magnetic field generated by the coil(denoted by B.,). The applied
magnetic field B,p, on the “Bridge” was acquired by measuring the current supplied to the magnet, via
a 0.5Q resistor. The voltage across the DP coil (Vi) was measured directly by an NI USB-6221 DAQ
card via a pair of voltage taps. The sampling frequency of the DAQ card was set to 2k Hz to guarantee
a detailed recording of each signal.

3. Experiments, results, and analysis



3.1 Charging curve comparison between insulated, non-insulated, and

metal-insulated coils

In this section, we present the charging characteristics comparison between different coils. Fig. 4
shows the waveform of i,and Bag,. The waveform of i, is symmetrically triangular, and the frequency
of i, is 0.56Hz. By, is applied around the positive peak of i, with a phase difference of 30 degree (This
phase difference is to ensure an optimized charging speed.). The field duration is 0.1 times of the
period of i,. The magnitude of By, is 685 mT, and the frequency is 28 Hz. The waveforms of i,and
Bapp are carefully adjusted to minimize the differences during charging the three different coils.
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Fig.4.Waveforms of the secondary current i, and applied field Bgp,.
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Fig.5.Charging curve comparison between INS, MI and NI coil. (a) Overall comparison charging
curve, (b) detailed charging curve for the NI coil.

Fig.5 shows the charging (coil center field) curve comparison between the INS coil, the Ml coil,
and the NI coil. According to Eqg. 3, the coil current consists of two parts: the azimuthal current i,
flowing through the YBCO tape, and radial bypass current i, flowing through the turn-to-turn bypass
current path in NI or Ml coil. Therefore, we can monitor the i, from the magnitude of the coil central
magnetic field B, since the radial bypass current i, cannot contribute to the coil central magnetic field.
Fig.5 shows that the charging speed of the NI coil was much slower than that of the INS coil or the
MI coil. The charging processes of INS coil and MI coil only take 32s and 40s respectively, whereas
the charging process of the NI coil takes about 720s, almost 22.5 times of INS coil’s charging time
and 18 times of Ml coil’s charging time.
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Fig.6. Charging Details of the NI, MI, and INS coils when the B,,, = 685 mT.
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Fig.7. Simplified equivalent circuits of flux pumping system for (a) the INS coil and (b) the NI coil.

To investigate the charging speed difference, we plotted the charging detail of each coil during initial
stage of charging, as shown in Fig. 6. The upper curve in each figure is the induced voltage V., across
each coil, the curve in the middle is the coil current i, and the lower curve is the magnetic field in the
coil centre Bgii. As we can see, the curves differ a lot from one coil to another.



(a) voltage of the coils

As shown in Fig. 6, the peak value of NI coil voltage is around 2.0 mV, while it is 29 mV for the INS
coil, and 25 mV for the Ml coil. It is the huge difference in these voltages that results in the difference
in the speeds of charging.

The reason for a much smaller coil voltage for NI coil can be understood from the equivalent circuit
in Fig. 7.The load impedance of the INS coil is dominated by the inductance which is 123uH. The
load impedance of the MI coil and NI coil is determined by the characteristic resistance and
inductance in parallel. Considering R_wmi coir IS 300pQ2, which is 2 times higher than the inductance of
the coil, the impedance of the MI coil is also dominated by the inductance. In contrast, the R;_nj coir IS
onlyluQ, which means the load impedance is very low. When an AC field is applied to the bridge,
dynamic resistance is generated, which is dependent on the bridge current iz when the applied field
magnitude is not much higher than the threshold value [13, 19, 23].The dynamic resistance is in
parallel with the load impedance, sharing a current proportional to the load impedance. In this case,
with the same i,, ig is much lower for the NI coil than for Ml coil or INS coil, and the dynamic
resistance value is also lower. Since V equals to ig XRgyn, it is easy to understand that the voltage
across the NI coil is much lower than that of the other two coils.

(b) current and magnetic field of the coils
Fig.6 also presents the load current i, and magnetic field generated in the centre of the coils B

As shown in Fig. 6(a), for the INS coil, i is always proportional to B.;. This is because the turn-to-
turn resistance is very large, all coil current flows azimuthally. Each time the bridge voltage is
induced the current i, increases by over 4.3A.

For the Ml coil, as shown in Fig. 6(b), each time the bridge voltage is induced, the coil centre field
Beoir rises monotonically, whereas the current i, presents an overshoot. The current increases by 6A,
followed by a sharp decrease of about 2.5A. The difference between the curves of i, and B.; indicates
a radial bypass current is iy induced. The value of this current is about 2.5A, which contributes to 41.6%
of the total current increase of 6A. The difference between i, and Ai_ is the actual increase of the
azimuthal current iy, which is 3.5A.

For the NI coil, as shown in Fig. 6(c), the curves are very different from those of the INS coil and Ml
coil. During each cycle of the secondary current, when the bridge voltage is induced by the applied
field, the load current i ramps to 79.5A, and then reduced by over 78.5A. The azimuthal current
increase is less than 1A during each cycle, whereas the radial bypass current is over 80 times larger
than this azimuthal current increase. The radial bypass current i, decreases rather slow after removing
the applied field. The time constant of the decay of i, is determined by the characteristic resistance R,
as well as an inductance formed by the leads of the coil (total inductance in the load loop minuses the
coil inductance).Because R. is only 1uQ, it is reasonable that the radial current decay is slow. In terms
of the slow charging speed of the NI coil, it can also be explained by the huge amount of bypass
current flowing through the radial turn-to-turn current path, or the equivalent parallel branch R..
Another interesting phenomenon is that the centre field of the NI coil also has a considerable decrease
during the time the bridge field is not applied. This does not happen for the INS coil or Ml coil. We
are still not very clear about the reason of the field decay. It could be possible that the radial bypass
current causes the decay in azimuthal current, but it still needs further investigation.



Because the charging behaviours of the INS coil and the MI coil are similar, in the following parts we
only present results for the INS coil and the NI coil.

3.2 Field magnitude dependence

In this section, a comparison of the applied magnetic field (Ba,) magnitude dependence of
thetransformer-rectifier flux pump for INS coil and NI coil is presented, as shown in Fig.8.The
magnitude of the applied magnetic field increased from 685 mT to 950 mT. Other experiment
parameters were the same with those in the previous section.
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Fig. 8. Field magnitude dependence of flux pumping behaviour for (a) INS coil and (b) NI Coil.

As shown in Fig. 8, the field magnitude dependence of pumping for the NI coil is insignificant
while the field magnitude dependence of pumping effect for INS coil is much more obvious. As the
magnitude of the applied magnetic field increased from 685 mT to 950 mT, the charging time of the
INS coil reduced from 32s to 21s, while the charging time of the NI coil reduced from about 720s to
about 600s.

To figure out the reasons for the insignificance B,,, magnitude dependence of pumping for the NI
coil, we plotted the curves of i_ in Fig. 9, and the curves of V. in Fig. 10.

As shown in Fig. 9(a), i, fluctuates greatly and the peak value of the coil current increases as the
magnitude of applied magnetic field (B,y,) on the “Bridge” rises. During the first 20s of the charging
process, when the magnitude of applied magnetic field (B,p,) increases from 685 mT to 950 mT, the
peak value of the coil current increases from 75A to 93A. In contrast, the coil voltage increases from
2mV to 7.5mV, as shown in Fig. 10. The coil voltage increase is much more significant than the coil
current increase.

One most possible explanation for this phenomenon could be that: YBCO tape of coil lead turned into
flux flow state when the coil current increases close to critical current. From the experimental results,
the critical current value is around 92A to 95A. In this case, a resistance (Ripe) Can be generated,
which is shown in Fig. 11. The Ry, shared a certain portion of the coil voltage, which limits the peak
value of the coil current, not exceeding the critical value to much. In addition, there is a small
inductance in the load loop apart from the coil, as shown in Fig. 11. This small inductance also shared
a proportion of charging voltage in the load loop, which helps reduce the charging voltage on the NI
coil and also helps limit the peak value of the coil current.
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Fig.11. Simplified equivalent circuit of the transformer-rectifier flux pumping system for the NI coil.
(Two coil current lead YBCO tapes turns into critical state when the load loop current increases close
to critical current (95A), showing a resistance R, Which cannot be ignored anymore. This resistance
obeys the E-J Power Law[28]. There are also several turns of YBCO tape (can be considered as a
small coil, refers to the yellow Lsman coit in the load loop) in load loop close to the NI coil because the
YBCO current lead is too long for the LN, container).

3.3 Secondary current frequency dependence

In this section, a comparison of the secondary current i,frequency dependence of the transformer-
rectifier flux pump for the INS coil and the NI coil is presented, as shown in Fig.12. The frequency of
the secondary current increased from 0.56 Hz to 2.63Hz. Other experiment parameters were the same
as in Section 3.1.
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Fig.12. Magnetic field curves of (a) the INS coil and (b) the NI coil with different frequencies of
secondary current.

As shown in Fig.12, increasing the frequency of i,can significantly reduce the charging time of the NI
coil, whereas the charging time of the Ml coil becomes slightly longer with the frequency increase.

The reason for the significant influence of the i,frequency on charging speed for the NI coil can be
figured out from the waveform of i_. As shown in Fig.13, the average value of i_in 2.63 Hz is much
higher than that in 0.56 Hz. In 0.56 Hz charging test, during each cycle of i, the bridge field duration
is 5 times of that in 2.63 Hz test. However, i, increase is much less than 5 times. This is on one hand
because the amount of flux injection into the load loop via the bridge of 0.56 Hz is less than that of
2.63 Hz due to the bridge current dependence of flux motion; on the other hand i, in 0.56 Hz test is



driven to a high value which is likely to induce flux flow in the leads of the load coil, limiting the
further increase of i_. After the bridge field is removed, i_ decay time in 2.63 Hz test is 1/5 of that in
0.56 Hz test, resulting in a higher final i, at the end of an i, cycle. The higher average i, value leads to
a faster charging. This finding maybe an effective strategy for speeding up the charging process for
the low R; NI coils. We expect the flux pump to be equivalent to a low-voltage and high-current
source. The ultimate aim is to maintain i_ at a high value throughout the period of i, no matter the
bridge field is applied or not. The ideal value of i_ is just below the inducing a resistance in the coil
leads.
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Fig. 13. Load current i_ of the NI coil with different frequencies of secondary current i,.

4. Conclusion

In this paper, we investigated the charging performance of an HTS transformer-rectifier flux pump for
three types of HTS coils: an INS coil, an Ml coil, and a low R; NI coil. A comprehensive comparison
of charging characteristics of these three coils is presented and analysed. The experimental results
show that the flux pump works for all the three coils. However, compared with the MI coil, the
charging speed of the NI coil with a small R. is much lower. The main reason for the low charging
speed of the NI coil is the low coil voltage developed, which is a result of the low parallel R.. The
slow charging speed is also easy to be understood from another perspective: a great proportion of the
coil current flows through the low resistance radial turn-to-turn current path instead of through the
relatively high inductance azimuthal current path. The result is similar with charging delay of NI coil
using external power supplies. In addition, further increasing output voltage of the flux pump by
increasing the applied field does not improve the charging speed very much, because of the current
capacity limitation of the superconducting leads of the coil. Furthermore, we found that increasing the
frequency of the secondary current (i) can significantly speed up the charging process of the low R,
NI coil. The mechanism of this method is that: the higher average value of the coil current leads to a
faster charging. We can conclude that a low voltage, high current (as high as the critical current of the
superconducting current leads of the NI coil)power source is most suitable for charging a low R, NI
coil, and our transformer-rectifier flux pump has a potential to be with such a characteristic.

In future work, we will focus on further speeding up the charging of the transformer-rectifier flux
pump for the low R, NI coils, making it comparable to using external DC power supplies.
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