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Abstract—High temperature superconductor (HTS) is 

becoming more and more attractive for the application in high 

field magnets which can be utilized in the magnetic resonance 

imaging (MRI) and rotating machines. To charge the HTS 

magnets and operate them in persistent current mode, a 

persistent current switch (PCS) is very necessary. This paper will 

focus on how to build a fast persistent current switch controlled 

by AC magnetic field. The PCS can present a large resistance 

rapidly compared with conventional PCS and recover to 

zero-resistance in a short recovery time. Impacting factors and 

strategy to control the proposed PCS are discussed. An 

experimental system is built and tests are carried out to verify the 

practicality of the proposed PCS. 

 
Index Terms—Persistent current switch, dynamic resistance, 

uniform magnetic field, HTS tape. 

I. INTRODUCTION 

  Superconductors are ideal materials for high field magnets, 

owing to their capability of transporting high-density DC with 

little power loss. With the development in manufacturing high 

temperature superconducting (HTS) tapes, HTS magnets are 

being developed in the application such as magnetic resonance 

imaging (MRI), and motor winding. HTS magnets can be 

driven directly by an external power source (a continuously 

driven mode) or can operate in the persistent current mode.  

HTS magnets operating in the persistent current mode are 

able to maintain steady magnetic field and avoid the complex 

system and heat loss caused by operating in a continuously 

driven mode [1]. The key part enabling HTS magnets to 

operate in persistent current mode is the persistent current 

switch (PCS). Actually, the PCS can be regarded as an 

electrical component with variable resistance. The PCS is 

usually connected in parallel with the external dc power 

supply and the magnet coils. The PCS is required to present 

large resistance during the charging process so that the 

external dc power supply can energize the superconducting 

magnet. After energizing the magnet coils, the PCS can keep 

the magnets coils operating in persistent mode through 

returning to zero-resistant state to short-circuit the external dc 

power supply. Therefore, the PCS should possess the 

following features: (a) zero-resistance in persistent mode; (b) 

large resistance during the charging process; (c) quick 

transition between the above two states.  
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The PCS usually achieve above features through the 

transitions of the superconductor between the superconducting 

state (zero-resistance state) and the normal state. 

Thermally-controlled switches trigger the transition though 

heating the superconductor above its critical temperature [2-6]. 

This type of PCS can achieve a high resistance, but it usually 

takes several seconds or even longer to transfer between the 

two states. [7] proposed a fast switch controlled by field, 

whose respond and recovery is very short, but the resistance it 

can present is too small. In some circumstance such as flux 

pumping, it is necessary to develop a fast PCS with high 

resistance. 

In this paper, we report a design and experimental results of 

a PCS, controlled by alternating magnetic field at normal 

frequency which is generated by copper coils wounded around 

the iron core. The proposed PCS can achieve high resistance 

efficiently and requires little response time and recovery time. 

II. STRUCTURE DESIGN AND CONTROL STRATEGY OF THE 

PERSISTENT CURRENT SWITCH 

A. Structure Design of PCS 

The PCS mainly consists of three parts: the iron cores, 

copper coils, and a superconductor tape, as shown in Fig.1.  

 
Fig. 1. Schematic diagram of the PCS[8]. 

 

The iron cores, composed of the inner iron core and the 

outer iron core, serve as the path for the magnetic field and 

hold the superconducting tape and a copper coil. The copper 

coil, controlled by external ac power supply, can generate 

homogeneous magnetic field applied perpendicular to the face 

of the superconducting tape.  

The superconducting tape, wound around the inner iron 

core, is connected to the superconducting magnet it energizes.  

To avoid the induced voltage from the copper coil, the 

superconducting tape should be wound in the bifilar 

manner[8]. Two superconducting tapes are soldered together 

at one end by the same soldering technique used in [1, 9, 10]. 
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In this method, the current flowing in tape I and tape II will be 

the equal in magnitude and opposite in direction. Hence, the 

induced voltage from the copper coil will be canceled.  

B. Working Principle of the PCS  

A response voltage, called the dynamic-resistance voltage, 

is induced if a superconducting tape carrying dc current under 

external applied ac magnetic field. This is caused by net flux 

motion from one side of the superconductor to the other. And 

this can be regarded as redistributing the vortices inside the 

sample. The response voltage will enter another stage, namely 

flux flow voltage, if the superconducting tape is further driven 

into the flux flow regime, where small changes in the pinning 

energy largely affect the flux motion [11-15]. The PCS is able 

to charge the superconducting magnet through taking 

advantage of the response voltage of current-carrying 

superconducting tape under ac magnetic field.  

A calculation method of the dynamic-resistance was 

proposed by Oomen as follows [16]: 
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Where a is the half width of the superconductor slab, l is the 

length of the superconductor slab, f is the frequency of the 

applied ac magnetic field, Ba is the amplitude of the applied 

field and Ba,th is the threshold of the applied field that could 

totally penetrate the superconductor. 

If the transport current is smaller than the critical current, no 

quench will occur in the superconducting tape during the 

whole process. As a consequence, the dynamic resistance will 

be able to disappear nearly immediately after the applied 

alternating magnetic field is removed. According to whether 

the dynamic resistance appears or not, the working state of the 

PCS can be classed into two states, “persistent current mode” 

state and “charging” state. The working state can be switched 

through controlling the current in the copper coil. If no current 

is transporting in the copper coil, no ac magnetic field will be 

applied to the superconducting tape of the PCS. According to 

Eq.1, the value of the dynamic resistance Rdyn is zero. This 

scenario corresponds to the “persistent current mode”. If ac 

current is applied in the copper coil, ac magnetic field will be 

generated perpendicular to the superconducting tape. Large 

dynamic resistance appears to charge the superconducting 

magnet and the working state of the PCS is called the 

“charging mode”. 

C. Control Strategy of the PCS  

Fig. 2 shows the schematic diagram of how the PCS can be 

controlled to charge the superconducting magnet. The whole 

process of charging the superconducting magnet can be 

divided into four steps: 1. External DC power supply is turned 

on; 2. AC current is applied in the coper coil to generate ac 

field to switch the PCS into “charging mode”; 3. AC current in 

the copper coil is cut off to switch the PCS into “persistent 

current mode”; 4. External DC power supply is off to stop the 

whole charging process. The charging speed of the 

superconducting magnet depends on the dynamic resistance 

presented by the PCS. And the dynamic resistance can be 

altered through controlling the frequency and amplitude of the 

applied AC magnetic field. Hence, it will be more flexible and 

efficiently to charge the superconducting magnet, utilizing the 

proposed PCS. 

 
Fig. 2. Schematic diagram of the Persistent Current Switch for charging the 

superconducting magnet. 

III. EXPERIMENTAL TESTS AND DISCUSSION 

A. Experimental System 

Experiments and measurements have been carried out in the 

real system to test the performance of the proposed PCS, as 

shown in Fig.3.  

 
Fig. 3. Photograph of the experimental system. 

 

The superconducting tape wound around the inner iron core 

of the PCS was a 60 cm-long YBCO tape with the critical 

current of 80 A. The copper coil was powered by the 

Europower amplifier which was controlled by a LabVIEW 

program. The load current iL was measured by a Hall sensor 

fixed in the center of the double pancake superconducting coil. 

A NI-PCIe 6221 DAQ card was used to acquire the digital 

signal, with a 20 kHz sampling rate. A double-pancake coil 

was fabricated with a SuperPower YBCO tape that has a 

dimension of 4 mm width and 0.1 mm thickness. The 

inductance of the double-pancake coil is 2.56 mH. The 

double-pancake coil served as the superconducting magnet 

which was going to be charged and its critical current was 37A. 

The whole system was cooled in the liquid nitrogen. 

B. Performance Test 

  In order to charge the superconducting coil to its critical 

current, the charging current was set to be 45 A, which is 

slightly larger than the critical current of the superconducting 
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coil. The magnitude of the applied AC field is 100 mT, and 

the frequency of the applied AC field is chosen to be 50 Hz. 

Fig.4 shows the load current curve of the superconducting coil 

during the charging process. It can be observed that the load 

current of the superconducting coil increases a little as soon as 

the DC power supply is turned on in spite of no applied AC 

magnetic field. This can be attributed to the soldering joint 

resistance in the PCS, which generates a low voltage to charge 

the superconducting coil a little bit. The charging process 

actually begins when AC magnetic field is applied to switch 

off the PCS. Correspondingly, large DC voltage occurs across 

the PCS and the load current of the superconducting magnet 

starts to increase rapidly to its critical current 37A. It should 

be noted that the response time of the PCS is less than ten 

milliseconds.  

  After the charging process is completed, the 

superconducting coil is able to step into the persistent current 

mode immediately both the AC magnetic field and the DC 

power supply are removed. This can demonstrate that it takes 

little time for the resistance of the PCS to recover to zero. 

Hence, it will be more efficient to charge the superconducting 

coil, utilizing the proposed PCS considering its flexibility in 

the control of the PCS resistance. 

 

Fig. 4. Load current curve of the superconducting magnet. The frequency of 

the applied ac field is 50Hz and the amplitude of the applied ac field is 

100mT. 

   

After charging the superconducting coil to around 40 A, 

some load current decay of the superconducting magnet can 

also be observed in the Fig.4. This fast current decay can be 

mainly attributed to the flux flow resistance of the coil 

superconductor and the soldering joint resistance in the whole 

experimental system. With the rapid development in the 

superconducting joints, the decay of the load current will be 

significantly improved. 

C. Influence of the Field Magnitude and Frequency 

In order to effectively control the performance of the PCS, 

we have to investigate two factors, namely the field magnitude 

and field frequency. Fig.5 shows the resistance curve of the 

PCS under different field magnitudes. It can be easily 

observed that the resistance of the PCS grows with the 

increase of the field magnitude. At the stage when the field 

magnitude is relatively small (say less than 40 mT), the 

resistance across the PCS is nearly zero. This is because the 

magnitude of the applied field has to be larger than that of the 

threshold field, to totally penetrate the superconductor, 

mentioned in Equ.1.When the field magnitude exceeds the 

threshold, the PCS will present resistance. 

 
Fig. 5. Load current curve of the superconducting magnet. The frequency of 

the applied ac field is 50Hz and the amplitude of the applied ac field is 100mT  

 
The frequency of the applied magnetic field can also impact 

the performance of the PCS. In this test, the charging current 

from the DC power supply was set to be 35 A. Fig. 6 shows 

the curve of the current of the superconducting coil under the 

magnetic field with different frequency. The magnitude of the 

magnetic field is 65mT. The red curve, blue curve and green 

curve correspond to 200 Hz, 100Hz, and 50Hz respectively. 

The charging process is triggered nearly immediately when 

the magnetic field starts to be applied in the PCS.  It can be 

observed that the charging speed is positively related to the 

frequency. This is because high frequency of the magnetic 

field will induce large dynamic-resistance. And the larger the 

dynamic-resistance is, the larger the voltage across the PCS 

will be charge the superconducting coil. It should be noted that 

the difference of the final superconducting coil current results 

from the soldering resistance between the PCS and the 

superconducting coil. The voltage across the PCS is equal to 

the total of the voltage of the soldering-resistance and the 

voltage across the superconducting coil. Therefore, the larger 

dynamic-resistance voltage, the final current of the 

superconducting coil will achieve. 
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Fig. 6. Curve of the current of the superconducting coil under 60mT ac 

magnetic field with different frequency. 
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D. Discussion 

In the thermally-controlled PCS, electrical heaters are 

required to drive the PCS to the normal state to charge the 

superconducting magnet. After the completion of the charging 

process, the persistent current mode will not start until the 

PCS recovers to the superconducting state from the normal 

state. Hence, some techniques have to be applied to accelerate 

the recovery of the PCS, otherwise the load current of the 

superconducting magnet will be consumed by the resistance of 

the PCS. It usually takes several seconds for the conventional 

thermally-controlled PCS to respond or recover. And large 

amount of loss will be generated in the whole process. Owing 

to its fast response and recovery, the proposed PCS can solve 

above problems.  Besides, the value of the resistance of the 

PCS can be flexibly controlled through adjusting the 

frequency and the magnitude of the applied field.  

Considering the switching off resistance, response speed and 

flexibility, the proposed PCS has promising potential to be 

utilized in charging high temperature superconducting 

magnets[17]. 

The structure of the PCS makes it possible to utilize long 

superconductor tape, which could make its resistance much 

larger. Hence, the superconducting fault current limiter[18, 19] 

can be built in the form of the proposed PCS. And the applied 

field by the copper coil can help to accelerate the quench 

process the superconducting tape. 

IV. CONCLUSION 

A field-controlled PCS for HTS magnets, wound from 

YBCO tape, immersed in liquid nitrogen is developed and 

tested. Different from the conventional PCS forcing the 

superconductor to the normal state through heating, the 

proposed PCS is taking advantage of the dynamic resistance 

and flux flow resistance which origin from the external AC 

magnetic field. The advantage of the field-controlled PCS is 

its flexibility in controlling the value of the switching off 

resistance. The response and recovery time of the PCS is less 

than 10 milliseconds. As long as the superconducting tape of 

the proposed PCS is long enough, the structure design can 

make it possible that the switch-off resistance is large enough 

for charging a high-filed magnet rapidly. Hence, the proposed 

PCS is very promising in the application of charging the 

superconducting magnet. 
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