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Abstract—Cryogenic step-down dc-dc converters for supply-
ing high-temperature superconducting (HTS) magnets operate
from low dc input voltages in the order of 1V and provide
high output/magnet currents. The proposed three-switch T-type
(3STT) bridge-leg utilizes the (limited) reverse-blocking capability
of standard GaN transistors to provide the same functionality
(bipolar output voltage) as a conventional full-bridge (FB) topol-
ogy. Advantageously, the 3STT features only a single transistor
in the load current path (instead of two for the FB), reducing
conduction losses by at least 50%. Loss measurements of a 25 A
3STT phase module demonstrator operating at 77 K (immersed
in liquid nitrogen) verify the concept.

I. INTRODUCTION

IMING for improved energy efficiency of future particle
accelerators such as the Future Circular Collider (FCC) at
CERN [1], high-temperature superconducting (HTS) magnets
could substitute normal conducting electromagnets [2], which
are required to guide and shape the particle beam. HTS
magnets operate at temperatures of 40K to 60K inside of a
vacuum cryostat. Conventionally, they are supplied by low-
voltage high-current power converters operating at ambient
conditions outside of the cryostat [3]. This requires the feed-
through of thick current leads into the magnet cryostat, which
results in considerable heat leak-in (e.g., around 23 W for a
250 A magnet operating at 60K and supplied from 300K
through optimized current leads [4]) and thus high energy
consumption of the cryocoolers [5].
Therefore, new power supply approaches for HT'S magnets
have been proposed recently [6]-[11]. For example, placing
a step-down dc-dc converter inside of the cryostat decouples
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the magnet current from the lead current: With an HTS
magnet load’s typical parasitic resistance being in the order
of 1nQ, the required steady-state output voltage for a magnet
current of 250 A is only 25011V. Considering also the on-
state resistances of the power transistors, a suitable dc input
voltage is around Vi, =~ 1 V...2 V. This results in duty cycles
of about D ~ 0.1...1% and hence dc input currents that
are two to three orders of magnitude lower than the magnet
current, clearly enabling the use of much thinner current leads
and hence lower leak-in losses. On the other hand, the power
converter generates losses inside of the cryostat. To justify
the increased design complexity that accompanies a cryogenic
power converter, the total heat load of the cryocooler, i.e., the
sum of the (now low) leak-in losses and the power converter
losses, should be reduced to 1/4 of the conventional approach,
ie., to about SW to 6 W for the exemplary 250 A magnet
considered here.

To ramp the magnet current up and, after a few hours in a
typical mission profile, down again, a dc-dc converter with a
bipolar output voltage is needed. Thus, given the high magnet
current, typically parallel-interleaving of several full-bridge
(FB) phase modules as shown in Fig. 1a is considered [9],
which allows distributing the high load current to the phase
modules and hence to more transistors than could practically
be hard-paralleled. The interleaved operation enables ripple
cancellation and hence reduces the output filtering effort,
and, finally, lends itself to the implementation of redundancy
concepts to maximize the availability of the overall converter
system.

GaN power transistors are more suitable than silicon power
transistors for cryogenic applications, as there are no ad-
verse effects such as carrier freezeout in GaN; in contrast,
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Fig. 1. Cryogenic four-quadrant multiphase dc-dc converter using (a) full-bridge (FB) or (c) the proposed three-switch T-type (3STT) phase modules, which

realize the mid-point switch Sg using the (b) (limited) reverse voltage blocking capability of standard GaN HEMTs. The free-wheeling current paths, which

are dominant in the considered low-output-voltage application, are highlighted.
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the conduction losses decrease with temperature [12] and
no degradation of the blocking voltage capability has been
observed [13], [14].

Nevertheless, there are always two power transistors in
the load current path of an FB topology, as highlighted in
Fig. 1a. Therefore, expanding on [10], this letter describes the
new three-switch T-type (3STT) bridge-leg topology shown
in Fig. 1lc, which advantageously features only one power
transistor in the load current path and hence lower conduction
losses. Section II explains the operating principle, Section III
discusses the calculation of key loss components and demon-
strates experimental results for operation of a 3STT phase
module in liquid nitrogen (LN;) at 77 K, before Section IV
concludes the paper.

II. OPERATING PRINCIPLE

Three-level TT bridge-legs are known since the 1980s and
widely used in high-power/high-voltage (e.g., Vi, = 800V)
applications [15]. The midpoint switch then must provide
symmetrical bidirectional voltage blocking capability of Vi, /2
and anti-series connections of two power transistors or recently
available monolithic bidirectional switches are used.

However, in the considered application with typically Vi, , =
Vinn £ 2V, the intrinsic structural symmetry of lateral GaN
HEMT power transistors as illustrated in Fig. 1b can be
utilized: In essence, a GaN HEMT turns on if the gate-source
voltage exceeds the threshold voltage (Vgs > Vr) in case of
a positive drain-source voltage Vpg, or if Vgp > V1 (Vgp is
the gate-drain voltage) in case of a negative (reverse) Vps. As
indicated in Fig. 1b, a negative off-state gate-source voltage
VGs.off increases the reverse-blocking voltage to Vr + |VGS’0[-}'|,
i.e., easily to a few volts.! Advantageously, the midpoint switch
Sk is thus realized with a single unidirectional GaN HEMT,
which leads to the proposed 3STT bridge leg from Fig. 1c.
Compared to conventional FB phase modules, the proposed
3STT provides the same three output voltage levels (—Vj,,
0, Viy) but only a single transistor is in the load current
path instead of two, reducing conduction losses at least by
50%. Note that the two input voltages, Vi, and Vi, , must
be provided and regulated externally, as the dc output voltage
and current in general result in unbalanced loading of the two
dc-link halves.

A. Optimized Chip Area Allocation

Given the very low steady-state output voltage (low duty
cycles), the load current flows through Sg for most of the
time. Therefore, a further conduction loss reduction is possible
by an asymmetric transistor configuration, i.e., by using more
parallel transistors at the switch position Sp. Using, e.g.,
Npar = 4 parallel transistors for all switch positions, the
proposed 3STT shows 1/2 of the conduction losses of a
FB phase module (see Fig. 1). However, if the total of 16
transistors, each with an on-state resistance of R,,, of the
FB are optimally allocated for low-duty-cycle operation, e.g.,

INote that Sk must not be complemented with an anti-parallel Schottky
(commonly used to lower dead-time conduction losses) to not compromise
the reverse-blocking capability, see Fig. 1c.
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Fig. 2. Transient simulation (LTspice) of commutations between (a) Sys and
Sk and (b) between Sg and Sis for Vipp = Vinn = 2V, a positive output
current of ioy = 25 A, and a dead time of g = 10ns.

the switches in the lower freewheeling path of the FB would
be equipped with 7 transistors and the switches in the upper
freewheeling path with 1 transistor only, an effective on-state
resistance of Regpg =~ 2/7 - Ron results (with an adapted
modulation using only the lower freewheeling path). Using
the same 16 transistors in the 3STT, 14 could be allocated
to the freewheeling path through Sk and 1 each to the other
two switch positions, resulting in Regsstt = 1/14 - Ron.
Advantageously, the conduction losses of the 3STT are now
only 1/4 of those of the FB phase module. Ultimately, the
optimal allocation of transistors to Sys, Srs, and Sg depends
on the specific application, as, e.g., Sys could be subject to
higher current stress during ramp-up of the magnet current
with higher output voltages and hence higher duty cycles
compared to the steady state.

B. Orientation of Sp

The orientation of Sg as shown in Fig. 1c allows Vi, , >
Vin,p (as given by the voltage rating of the employed GaN
HEMTs of, e.g., 100 V), which facilitates the implementation
of HTS magnet quench protection schemes requiring quick
energy extraction with large negative voltages (e.g., 80 V) [9].
If this feature is not needed, reversing the orientation of Sg
simplifies the gate driver design as then the source terminal
of Sg is on ground potential.

C. Commutation Behavior

For the orientation of Sg as shown in Fig. 1¢, the com-
mutations between Sg and Syg are like in any half bridge
(see Fig. 2b). The commutations between Sys and Sg deserve
closer attention. Clearly, a dead time interval is needed, too, as
the two switches must not be turned on simultaneously (which
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Fig. 3. Photo of the realized 3STT phase module demonstrator.

would short-circuit Vi, ). For positive output current ip, > 0,
as is typical for the considered HTS magnet application, this
leaves only the anti-parallel diode of Sygs as a current path
during the dead time, which is clearly visible in the switch-
node voltage waveform shown in Fig. 2a, which temporarily
goes towards —(Vip o+ Vp Ls(iL)). Consequently, both commu-
tations between Sys and Sg involve the anti-parallel diode of
Sis and are hence effectively hard-switched. This, however, is
tolerable due to the low switched voltage.”

III. EXPERIMENTAL VERIFICATION

Fig. 3 shows a realized 3STT phase module using EPC2302
GaN HEMTs with Npyns = Nparr = 4 parallel devices
for Sys and Sg, and Npa,rs = 1 for Sps (no negative
output voltages are used for the measurements). A half-bridge
gate driver (LM5113) with an external digital signal isolator
(ADUMI1285CRZ) is used for Sys and Sg and a single-
channel driver (1IEDN7550B) with fully differential inputs
(and hence no need for a digital isolator) for Sps. The gate
resistors are 0Q for all switches. The gate drive power supply
uses a MAX256 switcher IC feeding a 100 kHz square wave
voltage to a custom transformer with a toroidal nanocrystalline
(Vitroperm 550 HF) core. There are three secondary windings
connected to full-wave rectifiers using PMEG1020 diodes and
acrylic film dc buffering capacitors, generating +6V for Syg
and Sp (combined due to common source potential of Syg
and Sg), —1V negative supply voltage for Sg to extend the
reverse blocking capability as discussed above, and +6V for
Sis. Preliminary testing of the auxiliary power supply circuitry
at RT and in LN, did show almost no change in losses.

Fig. 4 shows measured waveforms that confirm the com-
mutation behavior between Sys and Sg simulated above (see
Fig. 2): During the dead time, the switch-node voltage swings
to —Vinn as Drg temporarily is the only available path for the
load current. In the following, further realization details and
an estimation of the losses are given, which is then verified
by loss measurements at room temperature (RT) and at 77K
in LNZ.

A. Loss Estimation

In the following, straightforward loss estimates for a 3STT
phase module (see Fig. 1c) are presented.

2For i, < 0 or for the opposite orientation of Sg (regardless of current
direction), the commutations between Sys and Sg would be as in a standard
half bridge.
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Fig. 4. Measured (at room temperature) switching transitions from (a) Sys
to Sg and (b) from Sg to Sys, for Ioyt # S A, Vinp = Vinn = 1V, and a dead
time of 74 = 10 ns. Note the undershoot of the switch-node voltage as the load
current flows throuh Dy g during the dead time (see also Fig. 2).

1) Transistor Conduction Losses: With R,, denoting the
on-state resistance of a single transistor,

Peond = Igh/Npar * Ron, (1

where Ipn = Iout/Nphase is the output current of one phase
module and Ny, = 4 denotes the number of parallel transistors
per switch position. Note that R, at the operating temperature
must be considered, i.e., Ropp = 1.3 mQ at room temperature
and R,, = 8001Q at 77K for the considered EPC2302. The
tight loss budget further implies so low per-transistor losses
as to not result in any relevant temperature difference between
the junction and the cold plate.

2) Switching Losses: Due to the very low switched voltage,
only dead-time conduction losses must be considered,

Pgead =2 - VF - Iph " 14 - fsw> 2

where V& = {0.3V,0.6 V} is the forward voltage drop of the
anti-parallel Schottky diodes (PMEG3050) at RT and 77K,
respectively, 4 = 10ns is the dead time, and fi,, = 40kHz the
transistor switching frequency.

3) Gate Losses: The total gate drive losses are

Pgate = Npar : fsw . (Qg,HS : AVgs,HS + Qg,F . AVgs,F) (3)

with the gate charges Qg ns = 28nC, Qg = 32nC and the
gate voltage swings AVgys =6V (0V...6V) and AVy g =
7V (-=1V...6V for increased reverse blocking capability).

4) Auxiliary Losses: Auxiliary loss contributions from,
e.g., the gate drive power supply or ICs are estimated as
Pax = 25mW at RT and P,z = 20mW at 77K based on
measurements. Note that these losses could be further reduced
by a different selection of components, dedicated design, etc.

5) Other Conduction Losses: The load current also causes
ohmic losses in the PCB traces, connectors, etc., which are es-
timated with an additional resistance Rp,, =~ {1601€2,20pnQ}
at RT and 77K, respectively, and each of the Nj,qg = 2 phase
inductors contributes Ryg, = {120 pQ, 15 pQ} (measured).

6) Phase Inductor Core Losses: The phase inductor cores
are each realized from 8 pieces of KoolMu 90 E-core segments
(00K2510E090). The peak HF ac flux is

1 Vi

- . (1-D)-D.-—2
“ ZNtfswAc ( ) Nind

B 4

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on August 18,2025 at 07:59:30 UTC from |IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2025.3588798

IEEE TRANS. POWER ELECTRON.

1 1
RT , .. FB 77K
'/ [ ) Meas.
08 08 L= P
[ Pore
— — [ JPw
z 06 z 061 | e P
g g _ Peona /'
2 2 [ Picad e
S04 S04l P | )
. | g
0.2

0 5 10 15 20 25 0 5 10 15 20 25
(a) Output Current iy, (A) (b) Output Current iy, (A)

Fig. 5. Measured and calculated losses of the 3STT phase module demonstra-
tor from Fig. 3 at (a) room temperature and (b) 77 K (immersed in LN,) for
operation with fs = 40kHz, Viyp = Vign = 1V, and Rjgaq ® 6 mQ (due to
the measurement shunt, leading to high duty cycles and high input capacitor
losses Pci, compared to an HTS magnet load). The dashed lines indicate
calculated losses of an equivalent FB phase module (same eff. switching
frequency, same inductors, Npar = 4 for all switches).

with N; = 2 turns, a core cross section of A, = 4 - 38.5 mm?,
and the duty cycle D = IoyRioad/Vin- Note that B, is very
small due to the dc current in the winding defining the required
core cross section A.. Hence, the core losses estimated with the
Steinmetz equation p = k £.2BF with k = 40W/cm?, a = 2,
B = 1.5 (from the datasheet as literature reports little change
for operation at cryogenic temperatures [16]) are found to be
negligibly low; this would remain so even if very conserva-
tively assuming an order of magnitude higher core losses due
to performance degradation at cryogenic temperatures.

7) Input Capacitor Losses: For vacuum compatibility, the
dc input capacitors are realized with N¢j, = 8 paralleled 22 pF
acrylic film capacitors (Rubycon 16MU226MD35750) with
an equivalent series resistance of ESR ~ 15...16 mQ each
(measured at 77 K). Neglecting the output current ripple, the
input capacitor losses are

Pcin = I -ESR/Ncin, 12

Cin,rms

~(D-D% I3, (5

in,rms

i.e., increase with D for D < 0.5.

B. Loss Measurements

The losses of the phase module demonstrator from Fig. 3
operating with Vi, , = Vinp = 1V, a switching frequency of
fsw = 40kHz, and dc output currents of up to I,n = 25A
have been measured at RT and immersed in LN, at 77 K.3
Using Vo > 0 implies switching between Sys and Sg (both
realized with Np,, = 4 EPC2302 GaN HEMTs). Precision
multimeters (Agilent 34410A) are used to record the input
and output voltages and the input and output currents (via
precision shunts).

Note that the cabling and shunt resistor for measur-
ing Iy, increase the effective load resistance t0 Rjpaq =

3The setup was lowered into a LN, bath and testing started once the
absence of bubble formation indicated completion of the cooldown process
and thermal steady-state. No further bubble formation or local boiling was
observed during the experiments, which can be attributed to the very low
overall losses distributed among many components.

{6.5mQ, 5.8 mQ} at RT and 77 K, respectively. Hence, D and
Pcin increase significantly above the values expected with an
HTS magnet load with a parasitic resistance of a few nQ only.*

Fig. 5a shows the measured losses at RT which match
the calculations quite well. Clearly, the input capacitor loss
contribution is relevant due to the current measurement shunt
as discussed above. Further, the calculated losses for an equiv-
alent FB phase module (all switches are realized with Ny, = 4,
same (effective) switching frequency and hence the same
inductors, etc.) are clearly higher as Pcong,rB & 2Pcond,3STT-

Fig. 5b shows the results for operation at 77 K immersed
in LN;. Again, a good match between calculation and exper-
iments is observed, and the improvement compared to an FB
phase module is clearly visible.

With Rjpag = 0, we expect Ploss = 0.26 W at 77K (instead
of 0.41 W) as D reduces from D ~ 0.15 to D =~ 0.0063; i.c.,
with an HTS magnet load, the input capacitor losses would
reduce to almost zero. Hence, a 250 A magnet PSU would
require 10 parallel-interleaved phase modules® with losses of
2.5W, not including leak-in losses (estimated < 0.5 W)°® and
overall control circuitry (estimated around 1W), i.e., total
system losses of around 4 W, which is well below the targeted
5W to 6 W. To achieve similar performance, more than 15
parallel FB modules with 16 transistors each (compared to the
12 transistors of the 3STT if realized symmetrically) would be
required, i.e., a much higher realization effort.

IV. ConNcLusiON

By utilizing the (limited) reverse blocking capability of GaN
transistors, the proposed 3STT bridge-leg topology achieves a
conduction loss reduction of 50% compared to an equivalent
FB realization, while using a smaller total transistor chip area.
The operating principle of the 3STT is experimentally verified
and detailed loss measurements at room temperature and at
77K (immersed in LNj) confirm the expected performance.
Further improvements are achievable with optimized chip area
allocation to switch positions depending on the application.
Specifically, for high-current HTS magnet power supplies,
allocating more chip area to the freewheeling path can, e.g.,
reduce the 3STT conduction losses to 25% compared to a
similarly optimized FB.

ACKNOWLEDGMENT

This work was performed under the auspices and with
support from the Swiss Accelerator Research and Technology
(CHART) program.

“Note further that in a multi-phase converter, interleaving techniques reduce
the input capacitor current.

SFor completeness, note that it is possible to operate the realized phase
module with higher currents: Testing a variant with Npar,us = 4, Npar,F = 8,
and Npar,Ls = 1 in LNy at 77K with 100 A output current, we measured
losses of around 4 W. Thus, using only 2 to 3 phase modules to realize a
250 A system would result in 8 W to 12W of losses—clearly exceeding the
loss budget and highlighting the need to use more paralleled phase modules
with lower per-module current.

®Even though the 3STT phase module requires a third current lead, the
steady-state leak-in losses are slightly lower than those of an FB because of
the lower steady-state power input covering mainly the lower converter losses.
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