
1 

Abdelrahman Elwakeel, Neville McNeill, Rafael Peña-Alzola , Min Zhang and 
Weijia Yuan are with the department of Electronic and Electrical  
Engineering at University of Strathclyde, Glasgow, G1 1XW  
(e-mail: Abdelrahman.Elwakeel@strath.ac.uk, Weijia.Yuan@strath.ac.uk  ). 

Cryogenic DC/DC Converter for Superconducting 

Magnet Application 
Abdelrahman Elwakeel, Neville McNeill, Rafael Peña-Alzola, Min Zhang, and Weijia Yuan 

Abstract— Recent advances in superconductors have led to 

their increased application in magnets and a requirement to carry 

ever-larger currents. This article describes the development and 

implementation of a cryogenic DC/DC converter for supplying a 

DC excitation current of 500 A for superconducting magnet 

applications. Practical aspects are addressed and the rationale 

behind selecting an interleaved forward converter topology is 

elucidated. Experimental results are given and a ripple content in 

the load current of less than 5% is estimated. 

Index Terms—cryogenic, DC/DC converter, interleaving, 

MOSFET, synchronous rectification. 

I. INTRODUCTION

uperconducting magnets are now found in a variety of 

applications such as 1) medicine, where they are used in 

magnetic resonance imaging (‘MRI’), 2) accelerator 

magnets in nuclear fusion, and 3) levitation systems for high-

speed track and trains [1], [2]. Large currents are drawn by these 

magnets, and the heavy current leads needed can impair the 

efficiency of the cooling system. As shown in Fig. 1, ideally the 

required power is transferred at a high voltage and a low current 

from the warm zone outside the cooled chamber, to reduce 

conductor size and losses [3], [4]. This means the conductors at 

the entry point have a relatively small cross-sectional area with 

a consequently reduced thermal conductance and heat flow into 

the cold zone [5]. 

Fig. 1. Overview of the system. 

Conversion to a high current takes place in the cold zone, where 

advantage can be taken of the lower resistivity of copper, and 

the generally improved parameters of semiconductor devices, 

such as the reduced on-state resistances of MOSFETs [6]-[8]. 

As seen in Fig. 1, the power converter is physically distributed 

over the warm (300 K) and cold zones (77 K). Because of 

reliability concerns in the semiconductor switches and passive 

elements at cryogenic temperatures, it is desirable to have a 

minimal number of components in the cold zone. This article 

describes the development of a converter for supplying 500 A 

into a superconductor cooled with liquid nitrogen and therefore 

operating at 77 K. The target load to be driven is represented by 

a 1-mH inductance in series with a voltage sink. The maximum 

allowable peak-to-peak current ripple is specified at 5% of the 

rated value. 

II. BASIC TOPOLOGY DEFINITION

As mentioned in Section I, a small current is converted into 

a large current after the system enters the cryogenic zone. The 

step-up in current is realized with a magnetic component having 

a large turns-ratio, with a minimal number of components in the 

cold zone is desirable. A buck converter would normally be 

used for voltage step-down applications. However, the 

extremely low duty cycle and high RMS currents are 

problematic in this application because of reduced efficiency 

and difficulties with control, and this is eliminated. Alternative 

possibilities, shown in Fig. 2, considered here are: 

• Forward converter

• Flyback converter

• Tapped-inductor (TI) buck converter [9].

These are all simple single-ended circuits. It is noted that, at 

high load currents, the rectifier diodes in the circuits in Fig. 2 

will be replaced by MOSFETs acting as synchronous rectifier 

(SR) elements. 

Fig. 2. Single-ended converters. Top: Schematic diagrams. Centre: Output 

current from one unit (solid line) and output current from a second unit 

switching out of phase (dashed line). Bottom: Total output current from two 
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interleaved units in parallel with each operating at 50% duty cycle. 

 

A challenge is to minimize the ripple content in the current 

iout in the load. The current ripple is defined as the difference 

between the highest and lowest current values in a waveform. 

As shown in Fig. 2, the flyback and TI converters have a high 

output current ripple and the forward converter has the lowest 

current ripple. Normally, a filter capacitance is connected 

across Vout to remove the bulk of the ripple current from iout, but 

the difficulty lies in identifying a capacitance type with the 

required capacitance per unit volume for cryogenic 

temperatures, and without excessive losses [6]. 

 

The following points are considered for identifying the best 

converter suitable for superconducting magnet applications. 

 The TI buck converter, whilst used in a high-current 

application in [10], has no inherent input-output isolation. 

 The forward converter has a lower output ripple current 

than the flyback and TI converters. 

 Interleaved power converter stages can be used to reduce 

the output current ripple. With the forward converter in the 

continuous current mode, the ripple in the aggregate iout can 

be virtually eliminated by operating units in parallel at a 

duty cycle of 1/n or 1-1/n each [11] where n is the number 

of units. In [12], a pre-regulator buck converter stage varies 

the input voltage applied to units in parallel. This pre-

regulator buck converter allows parallel forward converters 

to be operated at a fixed duty cycle for zero output current 

ripple in iout, but with the total iout being controlled by 

adjusting the input voltage. The forward converters’ input 

voltage, v1 in Fig. 2, is adjusted by the pre-regulator side, 

which is done by changing the duty cycle of the converter, 

which in turn controls v1. The addition of the pre-regulator 

simplifies the circuit in terms of control and results in a low 

output current ripple. However, with the flyback and TI 

converters, complete elimination of the ripple current is not 

possible in this way. Other interleaved circuits include 

those such as [13], where resonant converters are used, 

although complexity is increased. 

 Feasible core options for chokes or flyback transformers at 

cryogenic temperatures are iron powder materials, or 

gapped nanocrystalline materials [6], [14]. For voltage 

transformers, nanocrystalline materials are suitable. 

 Two SR elements are needed for the forward converter, but 

two SR elements are not necessarily more problematic than 

one as the silicon utilization is essentially similar. If the 

average output current Iave, then the total conduction loss 

Wcond only in the MOSFETs is given by;  

 𝑊𝑐𝑜𝑛𝑑 = 𝑅𝐷𝑆(𝑜𝑛)𝐼𝑎𝑣𝑒
2 (1) 

where RDS(on) is the MOSFET on-state resistance in each 

location. The conduction loss and Iave are frequency 

independent. For a flyback converter operating at 50% duty 

cycle, the rectifier has to conduct an RMS current equal to 

Iave multiplied by √2. The RMS current squared, therefore, 

rises by a factor of two, and if the same silicon area is used 

but is located in the one rectifier location, the loss is the 

same. 

 Two SR elements need to be driven in the forward 

converter, but simple circuitry can be used for this [15]. 

 Although the forward converter needs an output choke, at 

very low output voltages there is the possibility of using 

stray inductances to realize this function. 

 Ideally, only the forward converter needs a reset circuit, as 

formed by D1 and ZD1 in Fig. 2. However, in practice, 

similar circuitry is needed in the flyback and TI converters 

to limit over-voltages due to currents being commutated in 

their magnetic component’s leakage inductances. 

In summary, whilst the forward converter appears to need 

more components in the cold zone, the rectifier requirement is 

not more onerous, and a discrete output choke may not be 

needed at low voltages. To achieve ripple current cancellation 

an interleaved forward converter arrangement was selected. 

III. PROPOSED SCHEME  

TR1 and TR2 in each of the forward converters in Fig. 3 

operate at a fixed duty cycle of 50%, but 180° out of phase with 

each other. This gives, ideally, zero output ripple current. The 

aggregate output current is controlled by using the pre-regulator 

buck converter formed by TRin, Din, Lin, and Cin to vary v1. 

The core fluxes in T1 and T2 are reset using the paths presented 

by Dr1 and Dr2, to recover the energy. The circuit is designed 

so that the full output current can always be obtained with v1 

being less than half of vin. This ensures a complete reset of T1 

and T2 as a sufficient reverse volt-second product is always 

available across their primary windings when TR1 or TR2 are 

off. For simplicity, the output rectifiers and freewheeling 

devices are shown as passive diodes in Fig. 3. However, 

synchronous rectification (SR) is mandatory in high-current 

applications to minimize losses. 

 

 
 

Fig. 3. Proposed scheme. For simplicity, D1-4 are depicted as passive diodes 

without synchronous rectification in this diagram. 

 

Three main options are available for driving the gates of SR 

MOSFETs; control-driven, self-driven and current-driven SR. 
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In control-driven SR the MOSFETs are driven with signals 

from the circuit producing the drive signals for the primary 

power devices. For self-driven SR [16], the gate is driven by an 

existing winding, or auxiliary winding, on a magnetic 

component as seen in Fig. 4. A difficulty occurs when voltage 

variation occurs across the winding due to changes in the 

converter’s input or output voltages. In current-driven SR [17], 

the MOSFET’s drain current is detected through a current 

transformer (CT), however, this can be physically difficult to 

implement around high-current conductors. 
 

 
Fig. 4. Rectifier arrangements for a forward converter. Left: diodes in common-

cathode configuration. Centre: D1 shifted so that the diodes are in a common-

anode configuration. Right: D1 and D2 were replaced with SR1 and SR2 

respectively to realize a synchronous rectifier circuit.  

 

In this article, the SR elements were driven via a transformer-

isolated control signal to address the problem of a large voltage 

range which would be present with self-driven SR. Transformer 

isolation was used to provide noise immunity.  

 

 
Fig. 5. Variants of single-winding self-driven SR arrangement in [15] are 

considered for driving synchronous rectifier elements as used in the 

transformer-rectifier modules in Fig. 3. 

 

So that only one secondary winding is needed on the 

transformer, a secondary-side circuit similar to the single-

winding self-driven SR arrangement in [15] was used. Three 

variants of the driver circuit are shown in Fig. 5. In Circuit I, 

current flows through Rs when the gate capacitances charge and 

discharge. Rs represents the resistance of T1’s secondary 

winding in series with the referred resistance of its primary 

winding and the driver output impedance. There are stray 

inductances and transformer leakage inductances, lumped as Ls, 

between v1 and the gates being driven. Ideally, the off-state vGS 

should be zero, but Ls can lead to non-zero vGS [15]. In 

Circuit II, the off-state vGS is now negative and half of v2, which 

is well below the MOSFET’s threshold vGS. T1 needs twice the 

number of secondary turns to obtain the same on-state vGS. In-

Circuit III the auxiliary signal transistors are used to clamp vGS 

to zero. This addresses resonances but reduces efficiency. 

IV. EXPERIMENTAL CIRCUIT DESIGN 

A switching frequency fsw of 10 kHz was selected for the 

forward converters in Fig. 3. T60004-L2063-W627 cores in 

VITROPERM 500 F nano-crystalline material [18] were used 

for T1 and T2. A nano-crystalline material was selected for its 

good performance at cryogenic temperatures. Permeability and 

saturation flux density rise, and losses only increase moderately 

[6]. N1 had 100 primary turns and N2 was formed from one turn. 

With an output voltage of 50 mV and a duty cycle of 50%, the 

required voltage V1 is 10 V. Using secondary-side quantities, 

the peak-to-peak flux density excursion Bsw is given by 

 
𝐵𝑠𝑤 =

𝑉2(1 − 𝛿)

𝑁2𝐴𝑒𝑓𝑠𝑤
 (2) 

where Ae is the core’s effective magnetic path area which 

is specified as 94.9 mm2 in [18]. Putting this and the other 

data into (2) gives Bsw = 26.3 mT. In practice, a much 

higher Bsw, and V1, are expected due to the output voltage 

needed to overcome the SR MOSFET’s on-state 

resistances, transformer winding resistances, and the 

resistances of interconnections within the circuit.  

Discrete chokes were not used for L1 and L2 in Fig. 3. 

Instead, the circuit’s stray inductances were used to 

realize this function, as discussed in Section II. 

Si MOSFETs and GaN HEMTs show decreased on-

resistances of approximately 80% at cryogenic temperature, 

whereas SiC MOSFETs exhibit increased resistances of 

approximately 300% [6]. GaN HEMT is known to exhibit the 

kink effect at a cryogenic temperature, where deeper studies are 

needed [19]. Also, Si MOSFET has proven reliability in DC/DC 

converters operating at cryogenic temperatures [7]. The SR 

devices were selected to be IRL40SC228 MOSFETs, mainly 

due to the high current requirement and low voltage blocking 

requirement. These have a typical RDS(on) of 500 µΩ at 25°C. Si 

MOSFET on-resistance will decrease by 80% [6], RDS(on) of the 

device is expected to fall to 170 µΩ at 77 K. Eight MOSFETs 

in parallel were used for each D1-4 in Fig. 2. This gives an 

effective RDS(on) of 21 µΩ. 

Based on the discussion in Section III, Circuit II in Fig. 5 was 

selected for driving the SR devices. T1 was constructed with a 

Hitachi Metals MP1903M4AS toroidal core in the 2714A-type 

METGLAS® amorphous alloy [20]. This material has a square-

loop, high permeability characteristic, and a saturation flux 

density Bsat of 570 mT. A peak excursion Bpk of 400 mT was 

allowed for, below Bsat by a margin of 170 mT. Vpri is the 

voltage applied to N1, which was 12 V. As mentioned in 

Section III, the transformer was included for isolation purposes, 

and not to step a voltage up or down. N2 was therefore made 

equal to N1. To limit the flux density to Bpk, N1 is given by 

 
𝑁1 =

𝑉𝑝𝑟𝑖

4𝑓𝑠𝑤𝐵𝑝𝑘𝐴𝑒
. (3) 

Ae is specified as 8 mm2 in [20]. Putting this and the other 

data into (3) gives N1 = 94 turns. N1 and N2 were of 0.2-mm 

diameter copper wire with polyurethane insulation, and the core 
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was found to accommodate 98 turns when both N1 and N2 were 

wound onto it in a single-layer, and this number of turns was 

used. R1 and R2 were both 1-kΩ. Rectangular copper bar 

conductors measuring 6 mm by 20 mm were used for the load 

to emulate a superconductor with low resistance. 

Fig. 6 shows one of the PCBs on which each of the 250-A 

transformer-rectifier modules is constructed and a built-up 

module. The sixteen MOSFETs are in a symmetrical layout to 

enhance current sharing and are physically close to the 

transformer core to mitigate leakage inductances. Fig. 6 also 

shows a built-up module. The single secondary turn is formed 

with copper rods and sheets. Wire loops could be arranged 

around the core and soldered onto the PCB. However, because 

of breakages due to the expansion and contraction of the wire, 

the arrangement with mechanical fasteners in Fig. 6 was 

preferred when cycled over a wide temperature range. 

 

 
 
Fig. 6. Transformer-rectifier module Left: PCB for accommodating a module. 

Right: Built-up module. 
 

Fig. 7 shows the experimental rig. The control of the system 

is implemented as an open-loop. Function generators were used 

to provide the three control signals, one for the pre-regulator 

buck converter, and two for the forward converters.  The control 

signal for the buck converter was set to a value to allow the 

maximum current output possible from the converter. As for the 

two control signals output to the forward converter were set to 

a constant duty cycle of 50 %, and in anti-phase to obtain 

successful interleaving. 

 

 
 
Fig. 7. Photograph of the experimental rig. 

      

The connections to the primary windings of TR1 and TR2, 

which link the circuitry in the warm zone with that in the cold 

zone, are made with twisted pairs of wire, minimizing stray 

inductances. Similarly, the connections from each of the gate 

driver circuits also use twisted pairs. Nonetheless, because of 

the physical length of these conductors, a higher stray 

inductance than usual is introduced into Ls seen in Fig. 5, with 

consequent resonances in the gate-source voltage vGS as Ls 

interacts with the MOSFETs’ input capacitances [21]. 

However, the MOSFETs’ vGS is still held well below zero in the 

off-state. Also, a feature of the silicon MOSFET is that the on-

state or off-state vGS does not have to be as precisely set as that 

of other devices, such as the SiC MOSFET or GaN HEMT. 

V. EXPERIMENTAL RESULTS 

Fig. 8 shows key waveforms when the converter is operating 

with the cold-zone section immersed in liquid nitrogen, and 

with an average iout of 564 A. For testing purposes, a 

superconductor was not driven here, but instead, the load was 

formed with a copper bar connected across the vout terminals. 

The ripple content is estimated at less than 5% of the DC value. 

As presented in Fig. 2, a forward converter output filter is not 

required due to low current ripple, thus no capacitor was placed 

on the output terminals during experimentation. The dead time 

was set to be larger than the fall time of the MOSFET device in 

the range of 250 ns, following previous literature [22]. The 

oscillation frequency at the output corresponds with the 

switching frequency of the buck converter of 100 kHz. 

 

 
 
Fig. 8. Key waveforms. 

VI. CONCLUSION 

The development and implementation of a DC/DC power 

converter for supplying a DC excitation current of 500 A for 

magnets operating at a cryogenic temperature of 77 K has been 

described. The rationale behind selecting an interleaved 

forward converter arrangement has been elucidated. Practical 

aspects have been addressed including power component 

selection and the design of the gate driver circuits for the high-

current low-voltage synchronous rectifier circuitry. The test 

circuit was run open-loop, and further investigation will include 

developing a current sensing and feedback control arrangement 

and simulating the circuit’s dynamic response to changes in 

current demand. Losses will be formally analyzed and, 

including the kink effect, the use of GaN devices for the 

synchronous rectifiers instead of Si MOSFETs will be 

investigated.  
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