Open Journal of Power Electronics

Original Paper Eletrénica de Poténcia

Received July 03, 2025; accepted August 12, 2025; Date of publication September 03, 2025.
The review of this paper was arranged by Associate Editor Edivan L. C. da Silva® and Editor-in-Chief Heverton A. Pereira®.

Digital Object Identi er http://doi.org/10.18618/REP.e202552

Cryogenic DC-DC Boost Converter
Employing Superconducting Inductor

Samir A. Mussa [@L |, Herminio M. de Oliveira Filho @2, Gustavo A. L. Henn |©?
Douglas M. Sotoriva [, Lauro Ferreira @2, Loac Queval/®?

LUniversidade Federal de Santa Catarina, Instituto de Eletronica de Potencia, Florianepolis SC, Brazil.
2Universidade da Integracao Internacional da Lusofonia Afrobrasileira, Instituto de Engenharias e Desenvolvimento Sustentavel, Redencao
CE, Brazil.
SUniversite Paris-Saclay, CentraleSupelec, CNRS, GeePS, Gif-sur-Yvette, France.

e-mail: samir@inep.ufsc.br ; herminio@unilab.edu.br; gustavo@unilab.edu.br; douglas.sotoriva@outlook.com; lauro.fsn1@gmail.com;
loic.queval@gmail.com.
Corresponding author.

ABSTRACT

Cryogenic power electronics applications, commonly referred to as cryo-converters, offer key advantages
over conventional ambient-temperature systems, including higher power density and improved ef ciency.

This paper presents the experimental analysis of a prototype cryogenic boost converter (cryoboost)
operating in continuous conduction mode (CCM), under both room-temperature and cryogenic conditions.
The study focuses on the voltage gain behavior. Two different inductors were tested and compared: an air-
core copper coil and a high-temperature superconducting (HTS) air-core inductor (BSCCO pancake caoill,
4 mm tape). Experimental results demonstrate that the HTS inductor operating at cryogenic temperatures
signi cantly enhances the voltage gain compared to the copper inductor at room temperature. These ndings
suggest that HTS-based inductors are a promising alternative for high-gain DC-DC converter applications
in cryogenic environments.

KEYWORDS DC-DC boost converter, HTS caoil, cryogenic converter, cryoboost, superconductors.

I. INTRODUCTION [13] [19]. To achieve high voltage gain in these converters,
The increasing adoption of renewable energy sources ls@veral techniques have been developed and can be broadly
heightened the demand for efcient DC DC convertersclassi ed into seven categories: cascading of two DC DC
particularly in photovoltaic systems. To maximize energgonverters, switched-capacitor networks, voltage multipliers,
extraction, Maximum Power Point Tracking (MPPT) conswitched inductors, magnetic coupling, multilevel converters,
trollers are commonly implemented in both grid-connectethd differential converter structures [20][22].

and off-grid con gurations|[LL]. This work investigates a promising approach for im-

DC DC converters are also extensively used in a variety gflementing a non-isolated high-gain static converter by
applications, including solar energy systems, aeronaltics [Blyeraging the enhanced performance of components under
space systemg [[3], uninterruptible power supplies (UPS)yyogenic conditions. Cryogenic operation enables the use
modern data centers|[4], battery backup systems, distributdfdsuperconducting magnetic elements and improves semi-
power architectures, and battery-powered platforms. Thegnductor behavior, resulting in reduced conduction and
also play a crucial role in fuel cell systems, electric vehicleswitching losses, optimized threshold voltages, and over-
(EVs), and hybrid electric vehicles (HEVS). all improvements in ef ciency. Furthermore, by operating

Numerous studies have investigated topologies for hight cryogenic temperatures, two signi cant factors can be
gain static DC DC converters. Notable contributions includexploited to further decrease the inductor resistafite):(
the works of [5] [8], as well as the seminal design proposethe use of superconducting coils for the inductor and the
by Middlebrook [9], which laid the foundation for early high-adoption of components that exhibit reduced conduction
gain converter architectures. losses at these temperatures.

In isolated DC DC converters, high-frequency switched Cryogenic power electronics have gained increasing inter-
transformers are commonly employed to achieve voltagst in applications where high ef ciency, compactness, and
step-up. This approach offers advantages such as reduertieme operating conditions are required. Notable exam-
size and weight, electrical isolation for enhanced safety, apbks include space system§ [23], high-energy physics and
design exibility, including support for multiple outputs andfusion devices [[24], quantum computing platforms |[25],
isolated ground references [10] [L2]. and superconducting magnetic energy storage (SMES) sys-

Non-isolated converters, by eliminating the transformetems [26]. In such scenarios, cryogenic temperatures en-
offer bene ts such as lower cost, reduced size, higher efable the use of superconducting components, drastically
ciency, and simpler topologies compared to isolated desigmslucing resistive losses and allowing high current densities
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by (2) and[(B), respectively. During the second stab@{

t Ts), these variables are given by (4) ahdl (5).
V()= Vin  Rou IL (2)
. Vout
ic(t)= —— 3
ROUt ( )
FIGURE 1. Considering some of the non-ideal aspects of a Boost
converter's DC-DC operation. VL (t) = Vi, IL Rout Vo (4)
in magnetic elements. Additionally, power semiconductor ic(t)= 1, Vout (5)
devices particularly wide bandgap technologies such as Rout

SiC and GaN exhibit improved cryogenic performance,wherel, is the average inductor current. Since the ripple
including reduced on-state resistance, lower leakage cgomponents ofi,,(t) andi, (t) are small compared to their
rents, enhanced carrier mobility, and superior switchir@C values, they are approximated agq(t) Vout and
behavior [[27][29]. These advantages have motivated the(t) |,.

investigation of unconventional passive components, includ-By applying the inductor voltage-second balance to equa-
ing air-core and high-temperature superconductor (HTSjens [2) and[(#), the expression [f (6) is obtained. Similarly,
based inductors. Air-core inductors eliminate ferromagnetépplying the capacitor charge balance to equatiphs (3) and
losses and magnetic saturation, offering stable performar@ results in equatiorf [9).

at high frequencies, especially in applications where weight

and magnetic linearity are critical| [30]. HTS inductors, 4 Z,

typically based on REBCO tapes, enable compact, low-lossy_ ve(t)dt=Vin  ILRowt (1 d)Vou =0 (6)
magnetics with high current handling, and are being explored ° ° 7

in energy storage, protection devices, and power convert- 17 Ts

. _ Vout
ers [31], [32]. While not yet widespread in conventional Ts o ic(fydt=(1 dl out

deS|gns,. these technologies present compelling bene ts forBy rearranging equation§](6) and] (9), the static voltage
cryogenic power converters targeting extreme-performance. .
) gain of the boost converter can be expressed as shown in
domains. ; : : : ]
equation [(B). This expression comprises two components:
the rst term corresponds to the ideal voltage gain, while
ll. IMPACT OF INDUCTOR COPPER LOSSES ON THE the second term represents the attenuation caused by the

BO_OST CON_VERTER VOLTAGE GA'N_ inductor’s copper losses included in the model.
This analysis considers a conventional DC DC boost con-

verter, as illustrated in Figl]1, at room temperature. It

=0 7)

— Vout 1 l

consists of a DC input voltage soursg, , an inductorL, G = g R (8)
a semiconductor switcB,,, a diodeD, an output capacitor Vin 1 1+ 7L2
C, and a load resistdRo; . In continuous conduction mode Rout (1 d)

(CCM) and a switching periods, the converter operates in  Although the model assumes a constant inductor resistance
two distinct stages. During the rst stage, the switBh is R, this parameter is strongly temperature-dependent. At
turned on, and the inductor is charged. In the second stagggm temperature (298 K), the copper coil typically ex-
the switch is turned off, discharging the inductor’s previousligibits higher resistance, which signi cantly decreases under
stored energy through the load. The duration of each staggogenic conditions (77 K) due to the reduction in copper
is determined by the duty cyckk The static voltage gai® resistivity. When superconducting inductors are employed,

is given by: this resistance can be virtually eliminated. Consequently,
temperature has a direct and substantial impact on the

G= Vout = 1 (1) achievable voltage gain, as illustrated in Fid. 2, where

Vin 1d largerR_ values correspond to room-temperature operation,

Non-ideal components introduce losses that effectiveind smaller values approximate cryogenic scenarios. This
limit the voltage gain. These power losses can be modeleighlights the advantage of cryogenic operation in mitigating
by incorporating series resistances with each componetpper losses and enhancing converter performance.
Speci cally, conduction losses are represented by resistiveFig. [J illustrates the theoretical static voltage gain for
elements, denoted &, , Ry, andRp, [33]. different values of inductor resistan&g . As R_ increases,

By including the inductor copper lossdg() in the model, the voltage gain progressively decreases, with the most
the inductor voltagey, (t) and the output capacitor currentsigni cant deviation occurring as the duty cydeapproaches
ic(t) during the rststage@ t d Ts) can be expressedunity. This behavior highlights the critical role of inductor
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FIGURE 2. Theoretical voltage gain as a function of duty cycle,
considering inductor copper losses modeled as a series resistance RL. FIGURE 3. Experimental setup of the cryogenic boost converter.

copper losses in limiting the maximum attainable outpin isolated single-channel driver designed for 3rd-generation
voltage. SiC MOSFETs. The PWM driving signal is generated by
The model can be further improved by including lossefe LAUNCHXL-F280049C microcontroller and transmitted
in the diodeD and semiconductor switc’®,. The gain to the gate driver. The measurements were acquired using
equation of the boost DC DC converter, considering thesg Tektronix MDO4034C scope and current probe A622.

losses, is expressed as follows: A 150 W prototype was developed to conduct a scaled-
0 1 down analysis, aiming to assess the potential of using HTS
inductors to enable higher power levels in boost converters.
Vou _ 1 1 d%p % 1 § To minimize current ripple, the converter operates at a
Vi,  dO Vin RL + dRsw+ dRp high switching frequency of 50 kHz. This allows the use of
+ d®R low-inductance coils (in the H range), which reduces overall
(9) volume. Although current ripple at this frequency may lead
where: to signi cant AC losses in the superconducting c0il|[34], this

aspect will be investigated in future studies. Additionally,
due to the high cost of superconducting tape, using a low
inductance value enables a design with fewer turns, thereby
reducing overall cost. The use of an air-core copper inductor
also eliminates ferromagnetic losses, improving ef ciency.
For comparison purposes, the copper inductor was designed
to achieve an inductance value approximately equal to that
When component losses are accounted for, the voltaglethe superconducting inductor.
conversion ratio is reduced, limiting the maximum achiev- To evaluate the boost converter, an open-loop con gura-
able gain of the boost converter. These losses can be miion was implemented, and the output voltage behavior was
imized through design and implementation techniques fobserved while varying the duty cycle from 0% to 96%.
power electronic converters in cryogenic environments. ffests were conducted at room temperature (298 K =Q@p
such conditions, both magnetic components and semiceiid in an open liquid nitrogen bath (77 K = -196). For
ductors, when operating at cryogenic temperatures, exhigéich temperature condition, two types of inductors were

d°=1 d: Complement of the duty cycle;
Vp : Voltage drop across the diode;

R_ : Inductor resistance;

Rsw: Switch resistance;

Rp : Diode resistance;

Rout : Equivalent load resistance.

reduced losses. tested: a conventional copper air-core coil and an air-core
inductor wound with 1G high-temperature superconducting
[ll. EXPERIMENTAL SETUP tape (Sumitomo DI-BSCCO HT-CA tape). Additional

This section presents the experimental procedures perforneagerimental speci cations are provided in Tafjle 1. The
to validate the proposed high-gain cryogenic boost codeveloped boost converter prototype and the inductors used
verter concept. Fig|3 presents the assembled boost conve(it€fS and copper) are shown in Figs.4 [nd5, respectively.
test bench and the used equipments. The semiconductofo ensure stable and repeatable cryogenic conditions
devices employed are the Silicon Carbide (SiC) Poweuring experimental evaluation, a controlled pre-cooling
MOSFET C3M0045065K and the SiC Schottky Diod@rocedure was applied to the inductors to prevent damage
C6D20065A. The gate driver used is the CGD15SG00DRaused by differential thermal contraction [[36]. Initially,
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TABLE 1. Experimental Component List and Parameters of the Boost

Converter (Maximum Power: 150 W)

Parameters Description Value
Vin Input Voltage 10V
Rout Resistive load 100
Sw Silicon Carbide Power Mosfet C3M 0045065K FIGURE 6. LN, pre-cooling of the HTS coil.
D Silicon Carbide Schottky Diode ~ C6D20065A
Gp Gate Driver CGD 15SG00D 2 m
LHuTs HTS coil 0.650 mH
L copper COPPER coil 0.675 mH , 0,497
C Output capacitor 20 F
PWM generato TI TMS320F280049C 100 MHz C28x
fsw Switching Frequency 50 kHz
DC-Link
« FIGURE 7. LN, Pre-Cooling of the copper coil.
Schottky Diode
Inductor Connw'on\ Figs.[6 and 7 show thermal camera images, capturing
N stages of the pre-cooling process for the HTS inductor and
DC Input DC Outpu the copper coil, respectively. It is worth noting that the
\ thermal camera cannot register temperatures beld@ C,
\ . which is the equipment’s lower limit. However, once the
SIC MOSFET components are fully immersed in liquid nitrogen, their
1 Gate Drive equilibrium temperature reaches approximafteiK.
+
FIGURE 4. Developed boost converter board. IV. EXPERIMENTAL RESULTS

This section evaluates the performance of the boost con-

the inductor was suspended a few centimeters abovevea[ter operat|_ng W'.th both the copper coil "’?”d the HTS
polystyrene container lled with liquid nitrogen (LY for superconducting coil, under room and cryogenic temperature

approximately 10 minutes, allowing gradual thermal conc—ond't'ons'

ditioning through cold vapor exposure. Subsequently, the

inductor was lowered to near the LSurface and held at thatA- COPPER coil

position for an additional 10 minutes. Finally, the inductofFig. [§ shows the measured voltage gain as a function of

was fully immersed in the liquid nitrogen and maintained ithe duty cycle under ve different test conditions, along

that state for 10 more minutes to ensure uniform temperatuvéh a simulated result for comparison. It is important to

distribution throughout the coil. note that during the cryogenic tests, only the inductor was
immersed in liquid nitrogen, while the PCB remained at
room temperature. The purpose of testing under different
load resistance valuesR{,) is to demonstrate that the
voltage gain depends not only on changes in the inductor
resistanceR, ) but also on variations in the load, as shown
in equatior| 8. The resulting curves are:

1) Experimental (room temperature)ly condition;
2) Experimental (room temperature, post-stabilization) -
T, condition;
3) Experimental (cryogenic, copper coil inside 4 Nath,
[HTS inductor] [Copper with varying load resistances) T cryoy;2;3 condition;
4) Simulation (room temperature, with real parameters) -
Tsim condition;

The tests with the traditional copper inductor in a cryo-

inductor] genic environment showed promising results in terms of
FIGURE 5. Approximate dimensions of the tested inductors: HTS pancake VOItage gain, indicating that its performance closely approx-
coil (a) [85]|and copper air-core coil (b). imates the ideal case. Therefore, cooling the inductor, even
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FIGURE 8. Results with copper coil. Measured and simulated voltage gain FIGURE 9. Results with HTS coil. Measured voltage gain as a function of
as a function of duty cycle at room and cryogenic temperatures under the duty cycle at room and cryogenic temperatures under different
different conditions. conditions.

with copper wire, leads to a higher output voltage comparétpwever, immersion of the semiconductors in liquid nitrogen
to the room temperature tests. may eliminate the need for a heatsink. Under condifign

It is important to note that in these tests, the convertérslight reduction in gain is observed, which may constrain
power was approximately 100 W. At higher power levelglriver operation within an LN environment.
with the same inductor design, the converter's gain is ex-Fig. [I§ shows the typical stead-state boost converter
pected to decrease when using the air copper coil. In the@erimental waveforms output voltage, inductor current,
cases, when the current is high, the use of the superconduéi@@ switch voltage underT; conditions.
coil becomes more advantageous compared to the traditional
copper coil.

B. HTS coil

Fig. [ shows the measured voltage gain as a function of
the duty cycle under four different conditions for the HTS
coil. The simulation results are omitted, assuming that the
superconducting inductor at room temperature exhibits an
equivalent resistance to that of the copper inductor, resulting
in similar behavior to Fid.]8. The following conditions were
tested:

1) Experimental (room temperature)T, condition;

2) Experimental (cryogenic, with only HTS coil inside
LN, bath) Tcryo; condition;

3) Experimental (cryogenic, with semiconductors and
HTS coil inside LN bath) Tcryo, condition;

4) Experimental (Cryogenic, with semiconductors, HT S/ GURE 10. Outputvoltagg, inductorf:urrent, and switchlvoltage for
COi|, and SiC driver inside Lbl bath) Tcry03 con- d =90% , Vis =10 V, using HTS coil under T; condition.

dition. . . . .
Testing the converter in a cryogenic environment demon-

As observed, the cryogenic boost converter demonstragtsated promising results, aligning with expectations for
excellent voltage gain. As the series resistance of the induchdgh static gain converters. The reduced series resistance of
approaches zero, the gain increasingly aligns with the idehe inductor signi cantly contributed to this improvement.
case. Although testing HTS material at room temperature@ooling the inductor and semiconductors yielded a higher
uncommon, this was done to compare the effects of tempecarput voltage gain compared to tests at room temperature.
ture on the series resistance of the superconducting inductoiWhile the use of high-temperature superconducting (HTS)
since 1G HTS consists of BSCCO laments embedded inductors may appear excessive for general-purpose electron-
a silver matrix. Moreover, no signi cant difference in gainics, their application becomes relevant in niche scenarios
improvement was observed between conditidasand T,. that inherently demand cryogenic conditions and bene t
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