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Abstract—Due to the excellent properties, high-temperature su-
perconducting (HTS) magnets are promising in high-intensity mag-
netic field applications. However, HTS magnets face a long-standing
challenge of field decay due to connecting joint resistance and flux
creep in superconductors. In this article, a novel full-wave HTS
rectifier based on ac field-controlled switches is proposed to charge
closed HTS magnets inductively. With advantages of compact
structure, low cost and low heat load, the proposed full-wave HTS
rectifier is capable of replacing the bulky dc power supply and thick
current leads, which are required for maintaining the field stability
of HTS magnets. An experimental prototype has been developed to
verify its working principle. Tests have been carried out to illustrate
parameters impacting the working characteristics. The proposed
HTS rectifier can expand application scenarios and reduce the costs
of HTS magnet significantly.

Index Terms—Charging, high-temperature superconductor
(HTS), rectifier, superconducting magnets, switches.

I. INTRODUCTION

SUPERCONDUCTING magnets can generate high mag-
netic fields with very low energy consumption, thus laying

the foundation for high-field applications such as nuclear fusion
[1], high-power motors/generators [2], electron accelerators [3]
and magnetic resonance imaging (MRI) [4]. High-temperature
superconducting (HTS) materials have higher critical tempera-
ture, larger critical current density and higher critical magnetic
field intensity than low-temperature superconducting (LTS) ma-
terials [5]. Hence, compared with LTS magnets, much higher
magnetic fields can be achieved by HTS magnets. For example,
the reported highest dc magnetic field is 45.5 T so far, which is
achieved by combining a 14.4 T no-insulation HTS magnet as
an insert magnet with a 31.1 T resistive background magnet [6].

However, HTS magnets still face many challenges, among
which charging methods and magnetic field stability mainte-
nance are major technical bottlenecks, limiting the development
of HTS magnets [7]. The conventional method of charging the
HTS magnet requires a high-capacity dc power supply and a
pair of thick current leads from room temperature to cryogenic
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environment. This charging method leads to the following prob-
lems. Firstly, the high-capacity dc power supply requires an
extremely high performance, resulting in exorbitant cost and
huge volume. For example, the 50-kA power supply is used to
charge the 20.1 T toroidal field magnet for the net-energy fusion
tokamak developed by MIT [8]. The dc power supply consists
of eight cabinets, which should be water-cooled [9]. Second,
the current leads usually have a complex structure and cause
relatively high heat leakage loss, which increases the cooling
burden of cryogenic system and limits the current-carrying ca-
pability and energy density of the superconducting magnet [10].
Moreover, this heat ingress also reduces the thermal stability and
reliability of the magnet [11]. Finally, the magnetic field stability
of the dc superconducting magnet cannot be maintained when
the HTS magnet operates in the persistent current mode. The
persistent current mode means a magnetized superconducting
magnet is operated in a closed loop circuit, which is fully
formed by superconductors without external dc power supply.
Unlike LTS magnets, superconducting joints between HTS tapes
are still not available, thus causing joule heat loss generated
by joint resistance in HTS magnets [12]. Besides, due to the
characteristics of HTS materials, the flux creep occurring in
HTS magnets is inevitable. These losses will cause continuous
current decay in HTS magnets, weakening magnetic fields of
HTS magnets.

To cope with above problems, it is very desirable to find a
contactless charging method, which can eliminate the current
leads from the magnet system, and instead to charge HTS
magnets operated in closed-loop mode within a closed cryogenic
environment. One possible solution is to employ a cryogenic
rectifier located within the cryostat [13], [14]. A cryogenic
rectifier can rectify the induced high alternating current in a
closed cryogenic circuit by diodes, MOSFETs, or other semicon-
ducting electronic components. However, the on-state resistance
of semiconducting electronic components is too high so that
much loss produced by rectifiers. The loss generated by rectifiers
is a significant heat burden for cryogenic system and causes rapid
current decay in closed superconducting magnets. Besides, it is
difficult for power electronic components to achieve tens or even
hundreds of kiloamps of dc current output.

Another alternative solution is to employ an HTS rectifier
based on superconducting switches, which can inductively inject
dc current into closed HTS magnets within a closed cryogenic
environment [15]. The ac field-controlled switch relies on the
transitions of the superconductor between the superconduct-
ing state (zero-resistance state) and the normal state. Hence,
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different from semiconducting electronic components, no extra
heat loss is generated during the on-state of the HTS switch.
Moreover, due to the high current carrying capacity of super-
conducting materials, the HTS rectifier can easily achieve a
high current output. Therefore, due to the low loss and high
current output, the HTS rectifier fits to charge the closed HTS
magnet safely and efficiently in a contactless way. Geng and
Coombs [16] proposed the mechanism of the HTS rectifier and
verified the feasibility of the device. Geng et al. [17] and Zhou
et al. [18] carried out investigations on working characteristics
of HTS rectifiers. Li et al. [19], Gawith et al. [20], Li et al. [21],
Geng et al. [22], and Rice et al. [23] researched ways to enhance
the working performance of HTS rectifiers. Li et al. [24], Geng
and Coombs [25], and Li et al. [26] proposed several modeling
methodologies for HTS rectifiers, including the equivalent cir-
cuit and multi-physics coupling models. Brooks et al. [27], Jiang
et al. [28], Wang and Coombs [29], and Li et al. [30] discussed
the working principle and characteristics of field-controlled HTS
switches.

However, all HTS rectifiers built in previous researches can
only charge the HTS magnet in half cycles, which limits the
charging speed and the efficiency. In this article, a novel full-
wave HTS rectifier is proposed to charge the HTS magnet fast
and efficiently. The novelty and contribution of the proposed
method are as follows.

1) An HTS rectifier based on ac field-controlled switches
is proposed to charge the closed dc HTS magnet using
the ac power, thus saving the expensive high-capacity dc
power supply and high-loss current leads. The proposed
HTS rectifier is capable of charging the HTS magnet to
the critical current.

2) The proposed HTS rectifier can charge the HTS magnet
during the whole cycles. Thus, the charging speed and
efficiency of the proposed full-wave HTS rectifier is at
least one time larger than other existing HTS rectifiers.

3) An optimized topology of the proposed full-wave HTS
rectifier is proposed to simplify the manufacturing process
and save components. Based on the optimized topology,
the proposed full-wave HTS rectifier achieves twice the
performance at less than twice the cost of the half-wave
HTS rectifier.

Moreover, experiments have been carried out to verify the
proposed working principle and explore working characteristics
of the proposed full-wave HTS rectifier.

The rest of this article is organized as follows. In Section II, the
working principle of the proposed full-wave HTS rectifier based
on field-controlled switches is introduced. In Section III, the ex-
perimental rig is described, including the full-wave HTS rectifier
prototype and experimental apparatus for tests. In Section IV,
experimental results are shown and analyzed. In Section V, the
application scenarios of the proposed full-wave HTS rectifiers
is discussed. Finally, Section VI concludes this article.

II. WORKING PRINCIPLE OF THE PROPOSED HTS RECTIFIER

A. AC Field-Controlled HTS Switch

A superconducting switch should transfer between the zero
resistance and the resistive state, thus allowing current to

Fig. 1. Schematic drawing showing the working principle of the AC filed-
controlled HTS switch used for the HTS rectifier. (a) Perpendicular ac magnetic
field produced by an electromagnet is applied to the HTS tape carrying a
direct transport current idc, inducing a DC voltage vdym across the HTS tape.
(b) Instantaneous voltage vdym across the HTS switch corresponding to the
applied AC magnetic field.

enter the closed superconducting circuit. The ac field-controlled
HTS switch, which is used for achieving rectifying function, is
composed of an electromagnet with a copper coil and an HTS
tape, as shown in Fig. 1(a). The applied field strength refers
to the ac magnetic field generated by the electromagnet and
applied to the surface of an HTS tape. From the perspective of
electrical circuit, when the ac field is applied, a dc voltage is
induced across the HTS tape. This dc voltage can be used to
charge the HTS magnet. When the ac field is removed, the dc
voltage is disappeared. Then, the HTS magnet is operated in
the persistent current mode. The HTS switch works based on
the dynamic resistance. From a macroperspective, the above
resistance will appear across an HTS tape carrying a direct
transport current when a perpendicular alternating magnetic field
is applied. During this process, no quench occurs in the HTS
tape, which allows the resistance to disappear as soon as the
applied alternating magnetic field is removed.

From a microscopic perspective, the pinning force of HTS
materials can be broke by the applied external ac magnetic field.
Thus, a net magnetic flux flow across the HTS tape from one edge
to the other is caused, through redistributing the vortices. The
redistribution of the vortices interacts with the direct transport
current in the HTS tape, which produces the dynamic resistance.
The dynamic resistance can be calculated by

Rdym =
2alf

Ic
(Ba −Ba,th) (1)

where Ic is the critical current of the HTS tape, a is the width of
the HTS tape, l is the length of the HTS tape under the applied ac
magnetic field, f is the frequency of the applied magnetic field,
Ba is the amplitude of the applied flux density and Ba,th is the
threshold flux density [31].

It should be noted that if the applied magnetic field is large
enough, a sufficient dynamic resistance will be generated in the
HTS switch, which can be served as the OFF-switching resistance
to shut off a superconducting circuit. Correspondingly, the HTS
switch has two working states, including the “ON” state and the
“OFF” state. During the “ON” state, no current is applied to the
copper coil of the electromagnet. Hence, the HTS switch has a
zero resistance in this case that the direct current flows through in
the HTS tape free from the external ac magnetic field. During the
“OFF” state, an alternating current is powered to the copper coil of
the electromagnet to produce a perpendicular ac magnetic field
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to the surface of the HTS tape. As a result, a dynamic resistance
is generated in the HTS switch.

In general, the HTS switch is used for charging the closed HTS
magnet. Hence, the voltage across the HTS switch has significant
impacts on the charging speed. For the ac field-controlled HTS
switch, its average voltage Vdym can be described by

Vdym =
2idcalf

Ic
(Ba −Ba,th) (2)

where idc is the direct transport current in the HTS switch. It is
noted the direction of Vdym is not determined by the direction of
the applied magnetic field, but by the direction of current idc in
the HTS switch. As long as the direction of idc does not change,
the voltage generated across the HTS switch is a dc voltage.
The red curve in Fig. 1(b) shows the schematic of instantaneous
voltage vdym induced across the HTS switch, which has two
peaks per cycle of the applied ac magnetic field. Besides, it
can be seen from (2) that Vdym is positively related with the
amplitude and frequency of applied magnetic field as well as
the direct transport current. Hence, the voltage across the HTS
switch can be flexibly controlled.

Theoretically, according to (2), the higher applied ac fields
strength, the higher dc voltage induced across the HTS tape.
Correspondingly, the charging speed of the proposed rectifier
is higher. However, the applied ac field strength should also be
lower than the critical field strength of the HTS tape. Otherwise,
the HTS tape will quench. Under the circumstance, even if the
ac filed is removed, the resistance of HTS tape will still remain.
This will cause the load current decay in the HTS magnet. It is
suggested that the applied ac field strength should be lower than
500 mT according to electro-magnetic characteristics of existing
HTS tapes.

The “ON” and “OFF” states of the proposed HTS switch are
controlled by applying ac field. When the ac field is applied, the
HTS switch is in the “OFF” state. When the ac field is removed,
the HTS switch is in the “ON” state. Therefore, the switching
frequency depends on the frequency of the applied ac field. The
theoretical maximum switching frequency is several kilohertz.
However, it should be noted that the high switching frequency
is not necessary for the proposed HTS rectifier. This is because
there is no other inductance or capacity in the circuit except
for the load HTS magnet. Besides, the HTS magnet has no
requirement for the smoothness of the charging current.

B. Proposed Full-Wave HTS Rectifier

The circuit diagram of the proposed full-wave HTS rectifier is
shown in Fig. 2(a) and (b). The rectifier consists of a transformer
and two HTS switches. In the transformer, primary windings and
secondary windings are wound by copper wires and HTS tapes,
respectively. It is recommended that the transformer has a high
ratio n, so that high current can be induced in secondary windings
by merely applying a low current ip in primary windings. The
two secondary windings a and b have opposite coupling di-
rections with primary windings. Hence, the induced alternating
currents in the two secondary windings have a phase difference
of 180°. Two ac field-controlled HTS switches S1 and S2 are

Fig. 2. Working principle of the proposed full-wave HTS rectifier based on
ac field-controlled HTS switches. (a) During the positive cycle, the HTS switch
S1 is in the “OFF” state, whereas the HTS switch S2 is in the “ON” state. The
current is shown in blue. (b) During the negative cycle, the HTS switch S2 is in
the “OFF” state, whereas the HTS switch S1 is in the “ON” state. The current is
shown in red. During the whole cycle, the DC voltage on two switches is in the
same direction, so that the magnetic flux is continually injected into the HTS
magnet. (c) Current path and equivalent circuit in the persistent current mode.
(d) Working performance of the proposed HTS rectifier.

connected to secondary windings a and b, which forms two
superconducting subloop circuits.

The working states of the proposed full-wave HTS rectifier
can be classified into two modes, namely, the persistent current
mode and the charging mode, which are determined by the HTS
switches triggered by the applied field.

In the persistent current mode shown in Fig. 2(c), no ac
magnetic field is applied to S1 and S2, so that S1 and S2 are both in
the “ON” state. Due to the zero resistance of superconductors, the
HTS magnet is short-circuited by S1 and S2. The output voltage
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of the rectifier is zero. Hence, alternating current in secondary
windings cannot flow into the HTS magnet. Hence, the current in
the HTS magnet maintains a constant, except for the loss caused
by the joint resistance.

In the charging mode, the high-frequency ac magnetic field
is intermittently applied on S1 and S2, so that two switches are
turned on alternately per cycle. Since the direction of current in
HTS switches is always the same at each time the magnetic
field is applied, the load current iL in the HTS magnet can
be accumulated step by step. The working performance of the
proposed HTS rectifier is shown in Fig. 2(d).

To be specific, during the positive cycle of the primary wind-
ing current, S1 is in the “OFF” state, whereas S2 is in the “ON”
state at the same time, as shown in Fig. 2(a). Since the current in
the subloop circuit including S1 is clockwise (shown in blue), the
induced voltage across S1 is downward. Thus, the HTS magnet
is charged by the voltage of S1, generating a downward current in
it. From the perspective of flux, the magnetic fluxΔФ1 increased
in the HTS magnet per positive cycle can be expressed by

ΔΦ1 = Vdym1T (3)

where Vdym1 is the average voltage across S1 and T is the cycle
of the primary winding current.

The working process during the negative cycle of the primary
winding current is similar with that during the positive cycle.
During the negative cycle, S2 is in the “OFF” state, whereas S1 is
in the “ON” state at the same time, as shown in Fig. 2(b). Since the
current in the subloop circuit including S2 is clockwise (shown
in red), the induced voltage on S2 is downward. The magnetic
flux ΔФ2 increased in the HTS magnet per negative cycle can
be expressed by

ΔΦ2 = Vdym2T (4)

where Vdym2 is the average voltage across S2.
Overall, during the whole cycle, a downward output voltage is

generated by the full-wave HTS rectifier, thus the HTS magnet is
charged continuously. The increased current in the HTS magnet
per cycle is

ΔiL =
ΔΦ1 +ΔΦ2

L
(5)

where L is the inductance of the HTS magnet.

III. EXPERIMENTAL SYSTEM

A. Optimized Circuit Topology of the Proposed Full-Wave
HTS Rectifier

Based on the proposed working principle, the full-wave HTS
rectifier is further optimized during the process of building the
prototype. Only one iron core for the transformer is used in the
optimized rectifier prototype, whose specific circuit topology
is shown in Fig. 3. The transformer is used to supply high
transport currents for two HTS switches. Electromagnet 1 and
electromagnet 2 are used to apply ac fields on HTS tapes.

The design and optimization procedure the transformer is as
follows.

Fig. 3. Optimized circuit topology of the proposed full-wave HTS rectifier.

First, determine the maximum secondary winding current Ism.
In order to ensure that the proposed HTS rectifier can charge
the HTS magnet to its maximum operating current ILm it is
suggested that

Ism > 1.5ILm. (6)

Second, determine the transformer ratio n. If the ac current
source can supply the maximum current Ipm for the primary
winding, the transformer ratio n can be calculated by

n =
Ism

Ipm
. (7)

Third, determine the turns of the primary and secondary
windings according the transformer ratio n. In order to avoid
reducing the critical current of HTS tapes, the turns of the
secondary windings are set to be 1 or 2. Correspondingly, the
turns of the primary winding turn Np are set to be 2n or 4n.

Finally, determine the size of the iron core. In order to keep the
safe operation of the proposed HTS rectifier, the iron core should
be maintained unsaturated when the primary current achieves
the maximum current Ipm. According to the magnetic hysteresis
loop of the iron core material, the saturation magnetization field
Hm and saturation flux density Bm can be determined. According
to Ampere’s circulation theorem, the length lt and the cross-
sectional area St of the iron core can be calculated by{

lt =
Hm

NpIpm

St =
Bm

LIpm

(8)

where Np is the turn number of the primary winding, and L is
the inductance of the primary winding.

The design and optimization procedure of electromagnet 1
and electromagnet 2 is as follows.

Firstly, determine the maximum applied field Ba, according to
the voltage Vdym of HTS switch. It can be calculated by

Vdym =
2idcalf

Ic
(Ba −Ba,th). (9)



LI et al.: FULL-WAVE HIGH-TEMPERATURE SUPERCONDUCTING RECTIFIER BASED ON AC FIELD-CONTROLLED SWITCHES 16937

Second, determine the material of iron core according to the
maximum applied field Ba. The material should be maintained
unsaturated under the magnetic field Ba.

Third, determine the cross-sectional area of the iron core. The
length of cross section equals the length of HTS tape under
the applied ac field.

Finally, determine the total length lm of magnetic circuit and
the turn Nc of copper coil. According to Ampere’s circulation
theorem, it can be calculated by

NcIem = Ba

(
la
µ0

+
lm

µeµ0

)
(10)

where Iem is the maximum current of the copper coil, lm is the
length of the air gap, µe is the relative permeability of the iron
core, and µ0 is the permeability of vacuum.

In order to reduce the required cooling power, volumes of
the transformer and electromagnets should be minimized as
much as possible. In order to reduce the loss caused by leakage
inductance, secondary windings can be coupled tightly to the
iron core. Besides, to reduce the heat load of the cryogenic
system, the copper winding and the iron core can be placed
outside the cryogenic container.

It should be noted that the method to wind the HTS tape
around the closed iron core really does matter. The steps of
manufacturing the secondary circuit should be as follows: First,
threading the tape through the hole of the transformer iron
core, where terminals A and B are ends of the tape. Second,
clockwise wounding one half of the tape twice around on side
of the iron core and clockwise wounding the other half of the
tape twice around on the other side of the iron core. Then,
choosing two points C and D on the tape, which should stagger
a distance. Finally, soldering the tape terminal A to the point C
forming a solder resistance Rr1 and soldering the tape terminal
B to the point D forming a solder resistance Rr2, thus a closed
superconducting circuit is built.

The above manufacturing method has many benefits. First, it
allows the inner resistance of the rectifier is zero, thus avoiding
unnecessary joule heat loss. Second, it simplifies the manufac-
turing process. Only two solder joints are needed to make a
circuit where two closed windings are connected. Thirdly, the
staggered distance CD ensures the HTS tape of two secondary
subloop circuits not overlapped, preventing current in HTS tape
from exceeding the critical current.

B. Full-Wave HTS Rectifier Prototype

A full-wave HTS rectifier prototype using ac field-controlled
HTS switches has been built corresponding to the above circuit
topology, as shown in Fig. 4. The primary winding of the
transformer is made of a 200-turn copper winding, which is
wound around a closed iron core. Secondary windings a and b are
composed of two 2-turn HTS coils, which are wound clockwise
around two opposite sides of the iron core respectively. It is
noted that the whole secondary circuit is manufactured by a
single HTS tape, where terminals of two secondary windings are
welded together using two solder joints. 4 mm wide and 0.2 mm
thick Bi-2223 tapes manufactured by Sumitomo Corporation is
used for the secondary circuit, and it has a critical current Ic

Fig. 4. Photo of the experimental prototype of the proposed full-wave HTS
rectifier.

of 180 A at 77 K. The threshold flux density Ba,th of the HTS
tape is 20 mT. In each subloop circuit, a 60 mm long tape is
combined with an electromagnet to form an HTS switch. Each
electromagnet has a copper winding of 100 turns and an air gap
of 3 mm, which allows it to generate a magnetic field larger than
200 mT. The output terminals are marked with v+ and v-, where
the load HTS magnet can be connected to obtain a dc excitation
voltage.

When an alternating current is applied to the primary winding,
the current ia in secondary winding a and the current ib in sec-
ondary winding b have a phase difference of 180°. The current
iS1 in S1 and the current iS2 in S2 are always in the opposite
direction. Hence, a dc voltage vout on the output terminals of the
rectifier can be generated by alternately applying an ac magnetic
field to S1 and S2 during positive cycles and negative cycles.
It is noted that all excitations are realized by electromagnetic
coupling in a fully superconducting circuit located in a cryogenic
environment, so that the conventional electrical contact to the
HTS magnet through thick superconducting current leads is
avoided. Therefore, the rectifier is capable of energizing the HTS
magnet wirelessly in a closed cryogenic environment, which
guarantees the safe and steady operation of HTS magnets.

C. Experimental Apparatus for Testing the HTS Rectifier

An HTS magnet wound by 4 mm wide Bi-2223 tape with
56 turns is used for the load of the HTS rectifier, as shown in
Fig. 5. The HTS magnet has an inner diameter of 60 mm and an
outer diameter of 75 mm. The inductance of the HTS magnet
is measured to be 300 µH. When performing a load test on the
rectifier, the HTS magnet is soldered to the output terminals
of the rectifier. Specifications of the HTS magnet are given in
Table I.

Fig. 6 shows the experimental rig for testing the working
performance of the proposed HTS rectifier. The primary winding
of the transformer is powered by an amplifier ATA-3090 with
an output power of 10 W (ac power supply 1 in Fig. 3). The
electromagnets for HTS switches are powered by a Crown T10
dual-channel amplifier with an output power of 5 W (ac power
supply 2 and ac power supply 3 in Fig. 3). Signals of these two
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Fig. 5. Photo of the Bi-2223 HTS magnet used for the load of the proposed
HTS rectifier.

TABLE I
SPECIFICATIONS OF THE HTS MAGNET

amplifiers is given by a multichannel signal generator, which
is driven by a computer with a controlling software. A 0.1 Ω
standard resistance with voltage leads soldered to both ends
is connected in series to each output terminal of amplifiers.
Hence, current in the primary winding, electromagnet 1 and
electromagnet 2 can be measured.

Current sensors shown in Fig. 4 are used for measuring the
current in the prototype. A current sensor is made of a hall sensor
and an iron core with an air gap. A high-precision dc constant
current supply is used to power hall sensors. Through calibrating
the current sensor under known current, the current sensor can
measure the current accurately. Three current sensors are made
to measure current in secondary winding a, secondary winding
b and the HTS magnet. At output terminals of the rectifier,
two voltage leads twisted together are soldered to measure the
instantaneous output voltage of the HTS rectifier. All measured
signals are collected by a NI data acquisition system driven by
the LabVIEW program with a sample frequency of 5000 Hz.
The HTS rectifier prototype is placed in a polystyrene foam
box, which is infused with liquid nitrogen to provide a cryogenic
environment of 77 K.

D. Control Method of the HTS Rectifier

Fig. 7 shows the control flow chart of the proposed full-wave
HTS rectifier. The detailed control flow is described as follows.

First, turn ON the ac power supply to apply a low-frequency
alternating current to the primary winding of the transformer.

Fig. 6. Experimental system for testing the proposed HTS rectifier. (1) Com-
puter used for data acquisition. (2) NI data acquisition system. (3) Computer used
for controlling the multichannel signal generator. (4) High-precision dc constant
current supply for current sensors. (5) ATA-3090 amplifier for powering the
transformer. (6) Crown T10 dual-channel amplifier for powering electromagnets
in HTS switches. (7) Multichannel signal generator for providing signal wave-
forms to power amplifiers. (8) HTS rectifier prototype in a polystyrene foam box.

Second, detect secondary winding currents to judge which
half cycle the secondary winding currents are during. Third,
if secondary winding currents are during positive cycles,
open the HTS switch S1 and close the HTS switch S2. If
secondary winding currents are during negative cycles, close
the HTS switch S1 and open the HTS switch S2. Fourth,
detect the average output voltage Vout of the HTS recti-
fier, and compare it with the target output voltage Vtarget

of the HTS rectifier. Fifth, if Vout < Vtarget, adjust the
frequency/amplitude/duration of applied ac fields or the fre-
quency/amplitude of the primary winding current to increase
Vout. Sixth, detect the load current iL of the HTS magnet, and
compare it with the target operating current itarget of the HTS
magnet. Finally, if iL < itarget, continue opening two HTS
switches alternatively. Otherwise, close two HTS switches to
operate the HTS magnet in the persistent current mode.

At the beginning of charging HTS magnets, it is recommended
to use a large duty cycle to obtain a high average output voltage.
When the current in HTS magnet approaching the target operat-
ing current, the duty cycle should be reduced for a more precise
control. Besides, it is better for the rectifier to be operated under
a low frequency, which can reduce the ac loss generated in HTS
coils. Meanwhile, the frequency cannot be too low, otherwise
the transformer core may saturate during switching.
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Fig. 7. Control flow chart of the proposed full-wave HTS rectifier.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Open-Circuit Test

Open-circuit tests of the proposed HTS rectifier were carried
out in the condition that no load was connected to the output
terminals of the rectifier. The primary winding of the transformer
was powered by a sinusoidal current ip with an amplitude of
4 A and a frequency of 1 Hz. Two electromagnets for applying
magnetic fields in HTS switches S1 and S2 were powered by
two sinusoidal currents iapp1 and iapp2, each of which had an
amplitude of 7.5 A and a frequency of 50 Hz. In this case, the
magnetic field amplitude Ba generated by the electromagnet was
measured to be 100 mT by a hall sensor. Currents iapp1 and iapp2
were respectively applied during the positive cycles and negative
cycles of ip, thus only one switch was turned on during each half
cycle. Currents iapp1 and iapp2 were applied around peaks of ip,
and the duration of these currents was 0.1 s per cycle of ip.

Fig. 8 shows open-circuit test results based on the above
experimental conditions. It can be seen from Fig. 8(b) and (c)
that the current ia in secondary winding a and the current ib in
secondary winding b have a phase difference of 180°and both
have the amplitudes of around 110 A under the excitation of
the primary winding current ip shown in Fig. 8(a). Fig. 8(d) and
(e), respectively, shows currents iapp1 and iapp2 of intermittent
applied magnetic fields.

Fig. 8(f) shows the instantaneous output voltage vout of the
rectifier. It can be observed as soon as an HTS switch is triggered,

Fig. 8. Open-circuit test results of the proposed HTS rectifier. (a) Current
of the transformer primary winding. (b) Current of the secondary winding a.
(c) Current of the secondary winding b. (d) Current of the electromagnet 1.
(e) Current of the electromagnet 2. (f) Output voltage of the HTS rectifier.

a dc voltage is generated across the output terminals, which has
a peak of approximately 5 mV. The average voltage Vdym of
the HTS switch is calculated to be 0.81 mV. The little negative
value in the output voltage is due to the measurement noises
caused by applied alternating magnetic field. By triggering two
switches alternatively, the positive output voltage can be induced
throughout one entire cycle. Hence, the average value of the
output voltage is significantly enhanced through the full-wave
rectification. Meanwhile, it should be noted that according to
(2), the average voltage of each HTS switch can be adjusted by
several ways, such as changing the amplitude or frequency of
ip, and changing the amplitude, frequency or duration of iapp1
and iapp2.

B. Performance of Charging the HTS Magnet

In order to verify the charging performance, the proposed
full-wave HTS rectifier was soldered to an HTS magnet. The
soldered joint resistance was measured to be 1 µΩ. In tests of
charging the HTS magnet, the proposed HTS rectifier worked
in the full-wave rectifying mode and the half-wave rectifying
mode respectively. The parameters of ip, iapp1, and iapp2 were
set to be same as those in open-circuit tests.

Fig. 9 shows experimentally charging performance of the pro-
posed HTS rectifier, including current waveforms of the primary
winding, applied ac fields, two HTS switches and the load HTS
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Fig. 9. Charging performance of the proposed HTS rectifier.

Fig. 10. Load current iL of the HTS magnet in cases that the proposed HTS
rectifier works in the full-wave rectifying mode and the half-wave rectifying
mode.

magnet. The results are consistent with the working performance
shown in Fig. 2(d), thus verifying the correctness of the proposed
working principle.

Fig. 10 shows curves of the HTS magnet load current iL,
which have been dealt with a low-pass filter using a cutoff
frequency of 5 Hz. From 0 to 10 s, the primary winding of
the transformer was powered by ac power supply, but no HTS
switch was triggered. Accordingly, the HTS magnet was not
charged. Then, the proposed rectifier worked in the charging
mode and the two switches were alternately triggered from 10 s.
Correspondingly, the HTS magnet was charged. It can be seen
that the load current in the HTS magnet reached 10 A after
28 s, verifying the correctness of the working principle of the
proposed full-wave HTS rectifier. In contrast, if only the switch
S1 was triggered, i.e., the half-wave rectification, the load current
in the HTS magnet reached 10 A after 61 s, which indicates the
charging speed of the proposed HTS full-wave rectifier is at
least one time larger than the existing HTS rectifiers. Hence, it
demonstrates that the proposed full-wave rectifier based on the
new circuit topology can improve the speed for charging the
HTS magnet significantly.

Fig. 11. Load current iL of the HTS magnet and average voltage across the
proposed HTS rectifier under different conditions. The rectifier served as the
control group (red curve) has a secondary winding current amplitude iswm of
110 A, an applied field amplitude Bappm of 100 mT, an applied field frequency
fapp of 50 Hz, an applied field duration tapp of 0.1 s and a primary current
frequency fp of 1 Hz. (a) iswm = 50, 75, 95, 110 A. (b) iappm = 50, 100,
150, 200 mT. (c) fapp = 25, 50, 100, 150 Hz. (d) tapp = 0.05, 0.1, 0.15, 0.2 s.
(e) fp = 1, 2 Hz.
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TABLE II
COMPARISON RESULTS WITH OTHER EXISTING WORK

Meanwhile, it is noted that with the increase of the accu-
mulated load current in the HTS magnet, the charging speed
becomes slower. This is because the gradual increase of the load
current in the HTS magnet decreases the current in the HTS
switches. In practical applications, the efficiency and effective-
ness of the proposed HTS rectifier will be enhanced, when it is
scaled up for larger HTS magnets. Larger HTS magnets need
larger HTS switches, indicating more HTS tapes are applied
to an ac magnetic field. Thus, the HTS rectifier can generate a
larger output voltage. The proposed HTS rectifier is capable of
charging HTS magnets to their critical current.

C. Working Characteristics of the Proposed Full-Wave
Rectifier

To further explore the working characteristics of the full-wave
HTS rectifier, tests under different operating conditions were
carried out. In each set of these experiments, only one parameter
of the rectifier was changed. The load current of the HTS magnet
was measured, and the average voltage across the rectifier per
cycle was calculated by

Vout =
1

T

∫ T

0

voutdt. (11)

Fig. 11 shows load current of the HTS magnet and average
voltage across the HTS rectifier under different operating pa-
rameters. It is clear the charging speed for the HTS magnet has
been enhanced by increasing the amplitude iswm of secondary
winding current, or increasing the amplitude iappm, frequency
fapp or duration tapp of applied magnetic field. Meanwhile,
Fig. 11(a), (b), and (c) shows that the average voltage across the
rectifier is basically increased linearly with the increase of iswm,
iappm or fapp. It should be noted that the direct transport current
idc in (2) corresponds to the difference between the secondary
winding current and the load current. Thus, the current in the
switches during each cycle is not a constant. This is why the av-
erage voltage across the rectifier is not completely proportional
to iswm or iappm. Fig. 11(d) shows that the extension of the
applied magnetic field duration tapp can increase the average
voltage. However, it is necessary to make sure the current in
the HTS switch is positive when ac magnetic field is applied,
otherwise the negative voltage will be generated across the

Fig. 12. Comparison between the different methods of charging the HTS
magnet. (a) Circuit of the conventional method for directly charging the HTS
magnet. (b) Circuit of charging the HTS magnet using proposed full-wave
HTS rectifier.

switches, causing the reduction of the average output voltage
across the rectifier. Fig. 11(e) shows that the charging speed
can be enhanced by increasing the frequency fp of the primary
winding current. It is noted that the average voltage across the
rectifier at 2 Hz did not increase to twice the average voltage
across the rectifier at 1 Hz. This is because the effective current
in HTS switches per cycle decreases with the increase of the
primary current frequency.

V. DISCUSSION

The conventional method of charging the HTS magnet usually
requires a bulky dc power supply and a pair of thick current
leads, as shown in Fig. 12(a). These resistive current leads
will generate a considerable heat load in the cryogenic system,
limiting the operating current and adding the operating cost of
HTS magnet. In contrast, the proposed full-wave HTS rectifier,
combining with low-capacity ac power supply, can output dc
voltage to charge the HTS magnet, as shown in Fig. 12(b).
Since the energy transmission and the control of switches are
both achieved by electromagnetic coupling, the direct electrical
contact is avoided. In this way, the dc power supply and thick
current leads can be replaced.

The proposed full-wave HTS rectifier can compensate the
field decay of the HTS magnet in a smaller, lighter and cheaper
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way. Hence, it is promising in many applications, such as MRI
using HTS magnets and HTS wind generators. These HTS
magnets are usually operated in the persistent current mode
after they are charged to the target magnetic field. Due to the
complex electromagnetic background they are placed in, field
decay caused by power loss is unavoidable. Correspondingly,
these large magnets generally need to be recharged after hours or
days. In this case, the conventional method is not convenient for
charging the HTS magnet so frequently. The proposed full-wave
HTS rectifier can be controlled precisely, because the switches,
controlled by ac field, are capable of switching “on” and “off”
without any delay. Therefore, it can improve the working per-
formance of the HTS magnets.

To further validate the effectiveness and superiority of the
proposed full-wave HTS rectifier, other existing work is applied
to make a comparison in different aspects, as given in Table II. It
can be seen that the proposed full-wave HTS rectifier has good
comprehensive performance.

VI. CONCLUSION

In this article, a novel full-wave HTS rectifier based on ac
field-controlled switches is proposed to charge closed dc HTS
magnets, which can avoid utilizing conventional bulky dc power
supply and thick current leads. The conclusions can be drawn
as follows.

First, the charging speed of the proposed full-wave HTS rec-
tifier is at least one time larger than other existing HTS rectifiers,
which improves the working performance significantly. Second,
the proposed HTS rectifier relies on merely two field-controlled
HTS switches to achieve full-wave rectification, which reduces
the operating cost. Third, an optimized topology of the proposed
full-wave HTS rectifier is proposed to simplify the manufac-
turing process and save the components. Finally, the charging
voltage of the proposed full-wave HTS rectifier is basically
proportional to the amplitude of the secondary winding current,
the amplitude and frequency of the applied field, and positively
related with the duration of the applied field and the frequency
of the primary winding current. The proposed full-wave HTS
rectifier is of significant in promoting the rapid development of
HTS magnets.
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