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Abstract—A Kkey challenge in cryogenic applications is man-
aging heat input from the warmer environment. This paper
presents a novel Medium-Frequency Transformer (MFT) concept
designed for converter integration as a thermal insulator at
cryogenic temperatures. First, the basic idea of the thermally
insulating transformer is outlined, followed by electromagnetic
dimensioning and thermal design considerations. Detailed sim-
ulations illustrate the effects of critical design parameters on
thermal and electromagnetic performance. Based on these in-
sights, a prototype MFT is developed and integrated into a
20kW/100kHz Dual Active Bridge (DAB) converter topology.
Measurement results validate the functionality of the developed
MFT in conjunction with the DAB, demonstrating its potential
for efficient thermal management in cryogenic environments.

Index Terms—Wide-Bandgap, GaN, Cryogenic, Dual Active
Bridge (DAB), Measurements

I. MOTIVATION

The increasing number of High Temperature Superconduc-
tor (HTS) applications such as power supply lines, supercon-
ducting wind generators, and electric aircraft opens up a wide
field for cryogenic power electronics [1]-[7]. All applications
have in common a cryogenic system part, consisting of the
HTS, and one or more interface(s) to the warmer environment
which are necessary to exchange electrical power. However,
those interfaces introduce heat input, which in turn reduces
the efficiency of the system due to the higher demand for
cryogenic cooling power. Typically, the interfaces are realized
with copper current leads to ensure low electrical losses.
This paper proposes a power electronics converter instead,
which transmits the electrical power inductively instead of
conductively. The selected DAB circuit and the implemented
back-to-back test bench, consisting of two DAB converters,
are shown Fig. 1, Table I summarizes all relevant parameters.

© 2026 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material

Ipc Incz

O ﬁ MFET Ij— >0

—i —i —i —i
Vocr L iac Lg irc2 L Voca
}ﬂ\) =
Vaci Vac2

—i —i —i —i

N S S L o

Twam  Teryo

Fig. 1: Cryogenic DABs with GaN-HEMTs

One key component is the MFT that insulates both domains,
galvanically and thermally. While low-frequency transformers
with one or more cryogenic (HTS) winding(s) are already
reported in literature [8]-[10], there are very few concepts
for higher frequencies. In [11], a 1.5 kW/200 kHz transformer
for cryogenic and vacuum operating conditions is presented.
However, in this concept the complete transformer operates at
cryogenic temperature and no thermal insulation is provided.
The only reported MFT with explicit thermal insulation is
described in [12] and operates with 4 kHz. Higher frequencies
allow size reduction and higher power density, but pose some
challenges in the transformer design.

TABLE I: Design Parameters DAB
Semiconductors GaN Systems GS66516T

Nominal power Px 20kW
DC link voltage Vpbci1 = Vbeoe 400V
Switching frequency few 100kHz
Transformer leakage inductance L < 10uH
Transformer turns ratio a 1:1
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This work explicitly investigates the thermal insulation
of the cryogenic transformer operating at a high switching
frequency of fs, = 100kHz with Gallium Nitride (GaN)-
High Electron Mobility Transistors (HEMTsS).

II. DESIGN CHALLENGES FOR A MEDIUM FREQUENCY
CRYOGENIC THERMALLY INSULATING TRANSFORMER

According to [13], the power transferred by a DAB with
single phase shift modulation
el ') : (1)
™

p_ Vbt - Vbez - ¢ (
2.7 La ! f SW

is calculated with the DC voltages Vpci1 and Vpeo, the
switching frequency fsy, the switching angle ¢ between both
AC voltages vaci and vace and the leakage inductance of
the transformer L,. To reach a high maximum transferable
power at high switching frequencies, the leakage inductance
has to be small. This can be realized by arranging the primary
and secondary winding close to each other. However, for
good thermal insulation, both windings have to be separated
from each other. These conflicting optimization criteria are
examined in more detail in section IV.

Another challenge is the cooling of the cryogenic winding.
In this paper, three approaches are considered, that are summa-
rized in Fig. 2. The first approach (a) which is used in [9] for
instance, is to put the whole cryogenic winding into a hermetic
cryostat and to use a liquid coolant such as Liquid Nitrogen
(LN32) in direct contact with the winding. This ensures a low
thermal resistance between winding and coolant. Nevertheless,
it comes with the downside of the challenging manufacturing
of the cryostat, especially when the transformer is operated
in vacuum and a hermetic feed-through of the windings litz
wires is necessary. Furthermore, the cryostat introduces an
additional space between the primary and secondary winding,
which increases L, .

The second approach (b) is to only actively cool both ends
of the winding, for instance by using cryogenic cold heads.
Therefore no cryostat is required inside the transformer and
both windings can be put closer together. For this type of
approach, it is essential to have a good thermal connection
between the winding and the cold heads. Consequently, the
required copper cross-sectional area of the litz wires is greater
than that of the other two approaches.

In the following sections, a prototype based on a third ap-
proach (c), realized with a cryogenic ceramic winding holder,
is presented. The ceramic ensures an effective conductive
cooling of the complete winding. In comparison to the first ap-
proach, the distance between primary and secondary winding
is reduced, ensuring a smaller leakage inductance. Compared
to the second approach, the increased cooling surface allows
for a reduction in the copper cross-section of the windings.

III. ELECTROMAGNETIC DESIGN

The magnetic characteristics of various core materials at
cryogenic temperatures are reported in literature [14]-[16].
The comparison of the parameters in [11] shows that for all
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Fig. 2: Cooling approaches for the cryogenic winding of the
MFT. (a) Immersed in LN,, (b) Cooling applied exclusively
to the winding ends, (c) Ceramic winding holder

investigated materials the core losses increase significantly at
cryogenic temperature of 77 K. For this reason, in this work
the transformer core is kept warm. Due to the availability of a
wide range of geometries, low costs and moderate core losses,
the BFM9 ferrite material [17] from Blinzinger is used.

The windings are realized with High Frequency (HF) litz
wires to mitigate the skin effect. With the transformer’s funda-
mental frequency f. of 100kHz and the material parameters
of copper the skin depth § ~ 209 pym at Room Temperature
(RT) is calculated. It should be noted that at cryogenic
temperatures, the skin depth is reduced due to the reduced
specific resistance of copper. The selection of 71 um strand
diameter ensures an efficient utilization of the conductor’s
cross-sectional area. The selected litz wire RUPALIT Flecht
Profil V155 consists of 1998 strands, offering a total conductor
area of 7.91 mm?. This results in a theoretical DC resistance
of 2.18mOm~! at 300K. At 77K the resistance decreases
by a factor of ~ 5..8.5, depending on the materials purity
[18]. Measurements with a sample of the selected wire show
2.46mQm~' at 300K and 0.31mQm~! at 77K, which
corresponds to a factor of 7.9.

To implement the two separated cooling systems as de-
scribed in the following section and to ensure a small leakage
inductance at the same time, two E-cores are selected with
both windings wrapped around the round center core as
seen in Fig. 3. Several 3D-Finite Element Method (FEM)
simulations are carried out using Ansys Maxwell to determine
the influence of geometric parameters on leakage inductance
L, core losses P and copper losses P.,. Beside the



distance between both windings dis,, which strongly depends
on the cooling design and primarily affects L, the diameter
of the core dcoe and the number of turns n per winding
influence all three quantities. To achieve a good distribution
of core and copper losses, while maintaining L, of less than
10 pH, deore = 50mm and n = 11 are chosen, resulting in
Peore = 30 W (simulated value) and P., ~ 31 W (calculated
value) at the nominal power Py = 20kW. Note that the
copper losses for both windings P, = Peo warm + FPeo,cryo are
calculated for the worst-case scenario, in which both windings
operate at 300 K. During cryogenic operation the losses of the
cryogenic winding are reduced by a factor of approximately
8, resulting in Peo warm ~ 13W and Py cryo ~ 18 W/8 =
2.25 W. To ensure enough space for the cooling in the winding
window, two ETD160/73/50 cores with the dimensions shown
in Fig. 4 are selected. To further decrease L,, both windings
are designed as two layer windings, which offers the advantage
that the start and end of each winding are at the same point.

IV. THERMAL DESIGN

The transformer is cooled using two separated cooling
systems. As shown in Fig. 3, the core and the warm winding,
which is directly wound around the core, are water-cooled,
while for the cryogenic winding LNg is used as coolant.
The whole setup is operated in vacuum to prevent icing and
to ensure the thermal insulation of the cryogenic part. For
this reason, the entire heat loss must be dissipated via heat
radiation or heat conduction. To achieve this, the ferrite core
is embedded in an aluminum water heat sink. At all contact
areas a soft, silicone-based Thermal Interface Material (TIM)
is used to ensure a proper thermal connection between the
warm winding, the core and the heat sink. For both windings,
a rectangular shaped litz wire is used, which provides a large
contact area. The winding structure is shown in detail in
Fig. 2(c).
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Fig. 3: Cooling circuits

For the cryogenic winding, a ceramic winding holder is
used. Table II provides an overview of the materials inves-
tigated and their key properties relevant to their use in the
transformer. These include the thermal conductivities at RT
Asoox and if available at cryogenic temperature A77x, the
electrical conductivity and the mechanical processability.

TABLE II: Materials Cryogenic Winding Holder

. A300K in A77K in Electrical Mech.
Material ‘ W/Km W/Km conduct. proc. ‘ Costs
AIN [19] ~ 240 ~ 600 isolator €€€
Al O3 [20]-[22] ~ 25 ~ 90 isolator + €
SiSiC [23] ~ 160 ? semicon. + €€
MACOR [24] ~ 1.5 ? isolator ++ €
Shapal Hi-M Soft [25] ~ 90 ? isolator ++ €€

Silicon Infiltrated Silicon Carbide (SiSiC), Aluminum Ni-
tride (AIN) and Shapal Hi-M Soft offer the highest thermal
conductivity. However, the additively manufactured SiSiC
ceramic supplied by CeramTec exhibits an electrical con-
ductivity of approximately 8800S/m, which is sufficiently
high to induce significant eddy current losses. Aluminum
Nitride (AIN) and the AIN-Boron Nitride (BN) composite
ceramic Shapal Hi-M Soft are good electrical isolators but
generally more costly compared to Aluminum Oxide (Al;O3).
For these reasons, AlyOgs is selected for the first proto-
type. It features a relatively high thermal conductivity of
Aa2os ~ 25 WK~ m~!, which increases even further at
cryogenic temperatures [20], [21], a good temperature stability
and mechanical processability as well as moderate costs.

To enhance the heat dissipation from the windings and si-
multaneously reduce the manufacturing costs, only the section
of the holder located between the two windings is fabricated
from AlyO3 ceramic to prevent eddy currents. Outside the
area of high magnetic fields, the ceramic is embedded in
an aluminum block, which is mounted to an aluminum heat
sink, containing the LNy. High thermal conductivity and low
thermal contact resistances are essential, since all ohmic losses
should be dissipated purely conductively.

Several thermal FEM simulations are performed with COM-
SOL Multiphysics to optimize the geometry of the winding
holder and to investigate the interface between the cryogenic
and the warm transformer parts. As described in the sections
before, the distance between the warm and the cryogenic wind-
ing dijso, must be kept as low as possible. A minimum holder
thickness of 3 mm is required to maintain mechanical integrity
and to comply with the manufacturing process constraints of
the Al,O3 material. In addition, an extra clearance of 2 mm
is allocated to account for the vacuum insulation layer and a
potential thermal shield, yielding a total insulation thickness
of diso = Hbmm.

In Fig. 4 two exemplary temperature distributions for the
implemented geometry in thermal steady state are depicted.
The simulation results were obtained by using a multiphysics
model incorporating solid-state heat conduction and surface-
to-surface radiative heat exchange. The ambient temperature
is set to Tomp = 293 K and the losses are defined as evenly



(2 (b)

]
100 150 200 250 300
T'inK

100 150 200 250 300
TinK

Fig. 4: Thermal simulation results. (a) No transmitted power,
(b) Nominal power with corresponding losses (see section III)

distributed volume losses across the turns of both windings
and the core. Due to symmetry considerations, only 10 turns
per winding are considered in the analysis. In the actual
transformer, the 11th turn corresponds to the turn between the
two winding layers. Each turn is idealized as a solid copper
cylinder. A 100 um Kapton insulation layer surrounding the
windings is included in the model, whereas the TIM and
all thermal contact resistances are neglected. The material
parameters are taken from the COMSOL library. For the
ceramic winding holder, a solid polycrystalline Al,O3 material
is assumed, with its thermal conductivity reduced by a factor
of 0.6 to account for the lower conductivity of the 96% Al,O3
ceramic used in the real setup [22].

Areas marked in blue are held at 77K, representing the
contact areas to the cryogenic LNy heat sink. Areas marked in
red are held at 300 K, describing the contact areas to the water
heat sink. Figure 4(a) illustrates the temperature distribution in
the idle state with no power losses, while Fig. 4(b) shows the
corresponding distribution including the losses Peore = 30 W,
Peowarm = 13W and P cryo = 2.25 W at nominal power
Py =20kW.

The thermal separation of the cryogenic and the warm
parts is clearly visible. Under idle conditions, the cryogenic
section reaches a maximum temperature of 83.3 K, whereas
the warm section exhibits a minimum temperature of 259.3 K,
corresponding to a temperature gradient of AT, jqie = 176 K
across the transformer. When the losses at nominal operation
power are considered, the temperatures in the core and warm
winding increase, while those in the cryogenic components
remain nearly constant. With a maximum temperature of
84.9K in the cryogenic parts and a minimum temperature of
288.5 K in the warm parts this results in a temperature gradient
ATsim n = 203.6 K.

One of the key objectives of the development is to minimize
the heat input into the cryogenic system parts. Due to the
vacuum operation and the usage of only thin Polychlorotriflu-
oroethylene (PCTFE) support pillars as depicted in Fig. 5 for
the LNs heat sink, the only relevant remaining heat transfer

into the cryogenic winding is via heat radiation. The radiated
net heat flow

4 4
. 0 Awarm (Twarm - Tcryo)
Qrad = 1 Awarm 1 1) ) (2)
€warm Acryo ’ (Ecryo B

is calculated based on the Stefan-Boltzmann law with o
being the Stefan-Boltzmann constant. Assuming an emissiv-
ity €warm Of 0.84 as worst-case assumption from the given
values in [26], [27] for the outer Kapton® layer (see Fig.
2(c)), €cryo Of 0.75 for the cryogenic ceramic [28], the ra-
diation surfaces Agyarm = 27 30.2mm - 72mm = 137 cm?
and Acryo = 27+ 32.5mm - 72mm ~ 147 cm? as well as the
temperatures Tyarm = 320K and Ti.y, = 77K leads to
de ~ 5.4W. Tyarm = 320K corresponds to the maximum
temperature at nominal power, whereas Tt;y, = 77K was
chosen as worst-case assumption.

To reduce this heat flow, a thermal shield could be used.
Due to its position between the two windings, any metallic
shield will inevitably experience induced eddy currents. To
keep the currents to a minimum, the thickness of the metallic
layers has to be in the nanometer range and large metallic areas
have to be avoided. A possible solution could be a segmented
superinsulation as COOLCAT 2 NI from Beyond Gravity [29],
promising a heat flow P,,q < 0.1 W with the specified heat
flux of 4.6 Wm~2. The use of such a superinsulation is the
subject of future research with the proposed prototype.

V. MEASUREMENTS WITH THE PROTOTYPE

Based on the dimensioning in the previous sections, the
prototype shown in Fig. 5 is built. Figure 5(a) illustrates the
cryogenic winding during manufacturing, with the inner layer
already wound onto the ceramic holder and the TIM visible.
In Fig. 5(b) the completed transformer with exposed thermal
contact areas to the LN heat sink is depicted.

(@ Aluminum block with (b)
embedded
ceramic holder

Transformer
core

Contact area to
LN, heatsink
3 —

= ‘.’. Sy

Cryogenic Warm Water heatsink PCTFE pillar

winding winding
Fig. 5: MFT prototype. (a) During manufacturing, (b) Built
into the test setup

To investigate the electromagnetic behavior, the leakage
inductance L, over frequency is measured by using an E4990A
impedance analyzer from Keysight. A second measurement



performed with the DPG10 power choke tester from ed-k de-
termines the inductance as a function of current to investigate
the saturation behavior.

Figure 6 depicts the frequency dependency of the leakage
inductance L,. In the 100 kHz range, its value stays constant
at approximately 4.4 uH, the first resonance occurs at around
6 MHz. The current dependency of L, is shown in Fig. 7.
There is no saturation, L, stays constant at around 4.6 pH
over the whole investigated current range up to 150 A, which
corresponds very well with the impedance analyzer measure-
ments and fulfills the design goal of L, < 10 puH.
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Fig. 6: L, over frequency Fig. 7: L, over current

Subsequently, the thermal performance of the transformer is
analyzed. To monitor the temperatures during operation and
for investigation of the cryogenic-to-warm interface, eleven
PT1000 temperature sensors are placed in the windings, on
the holders, the core, and the heat-sinks as depicted in Fig. 8.

0 heatsink, water
@ core
winding, warm, out
winding, warm, bot
0 winding, warm, top
winding, cryo, out
winding, cryo, botl
0 winding, cryo, bot2
0 winding, cryo, top
) holder, ceramic
holder, alu

;‘ ]

Fig. 8: Temperature sensors position

Prior to cooling with LNy, the transformer is placed in a
stainless-steel container that is evacuated to minimize residual
gas content, prevent icing and increase the thermal insulation.
The temperatures recorded during the cooling are depicted
in Fig. 9, the colors correspond to the temperature sensor
definition given in Fig. 8. In this measurement condition, no
electrical power is transferred through the transformer, and
thus no electrical losses occur.

The thermal steady state for the cryogenic parts is reached
after approximately 1h. The temperatures measured at that
time are presented in Table III. For comparison, the cor-
responding simulation results without any electrical losses
are listed as well. The higher temperatures of the cryogenic
parts in the measurement are likely a result of the thermal
contact resistances not being accounted for in the simulation.
Excluding the light-blue sensor “winding, cryo, out”, which

300 T T T T T T T T 3|

250 1 1

200 1

150 1

Tin K

100

50
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
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Fig. 9: Measured temperature curves of the MFT during
cooling

is located outside the transformer in the lead-in litz wire, a
thermal gradient ATjyeasidle Of approximately 159.7K can
be observed.

It is evident that the temperatures of the warmer transformer
components have not yet reached thermal steady state, which
can be attributed to the gradual cooling of the stainless-steel
enclosure resulting from imperfect thermal insulation.

TABLE III: Temperatures of the MFT

Location Temperature | Temperature

Simulation | Measurement
Core 300K 284.3K
Winding, warm, bot 265.8 K 281.7K
Winding, warm, top 259.4K 268.4K
Winding, cryo, bot1/2 83.2K 108.7K
Winding, cryo, top 80.7K 1004 K
Holder, alu 771K 80.7K

To verify the proper function of the DAB and to characterize
the MFT under operating conditions, a back-to-back test
bench, consisting of two identical DABs, is used. The whole
test bench is illustrated in Fig. 10. The depicted stainless-steel
container houses both DAB converters, connected as illustrated
in Fig. 1. During operation, the two DABs are enclosed in
vacuum, with one operating under voltage control and the
other under current control.

Fig. 10: Cryogenic DAB test bench



This paper presents the first measurements with
reduced voltages Vpci1 = Vpce =40V  and  currents
Ipci = Ipce = 5 A. Both values are reduced by a factor
of ten to maintain the same voltage-to-current ratio as in
the nominal operating point. The current of the cryogenic
winding ipce is measured using a CWTUM/I/R Rogowski
coil with 30 MHz bandwidth, for the voltage vac2 an optically
isolated MicSig MOIPO2P probe with 200 MHz bandwidth
and a 50 : 1 probe tip is used. The signals are sampled
with 10 GS/s using a LeCroy MDA 8058HD oscilloscope.
Figure 11 illustrates the waveforms. The effective leakage
inductance can be calculated from the current gradients shown
as L, ~ 4.7uH.
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Fig. 11: Waveforms cryogenic MFT in DAB operation

VI. CONCLUSION AND FUTURE WORK

This paper presents an innovative, thermally insulating MFT
with one cryogenic winding for operation at 100 kHz, 400 V
and 50 A. It is based on a novel cooling concept, which incor-
porates two separate cooling circuits, one water-based and one
utilizing LN5. This concept allows a thermal separation of the
cryogenic winding, reducing heat input and thus the required
cooling capacity. At the same time the leakage inductance,
which limits the transferable power in DAB operation is kept
below 5 uH, enabling efficient transmission of high power.

The proper electromagnetic function is demonstrated with
a reduced voltage of 40V and a current of 5 A in a back-to-
back DAB test bench with one winding operating at cryogenic
temperatures below 110K. The thermal insulation between
the cryogenic and the warm transformer parts was demon-
strated by analyzing the temperature distribution inside the
transformer. A temperature gradient of approximately 159.7 K
was measured. The presented prototype offers a unique pos-
sibility to investigate the cryogenic-to-warm interface, which
is essential for all HTS applications. Furthermore, it provides
a versatile platform for research on power electronics at this
thermal interface.
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