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Abstract—Power supplies for high-temperature superconducting
(HTS) magnets placed inside of the magnet’s cryostat to improve
the system-level energy efficiency are four-quadrant (4Q) step-
down dc-dc converters operating from an input dc voltage of about
1V and conventionally employ paralleled full-bridge (FB) phase
modules. Leveraging the limited but sufficient reverse blocking
capability of GaN transistors, we propose a new three-switch
T-Type (3S-TT) phase module topology, which reduces conversion
losses by a factor of 2 while requiring 25% fewer transistors
compared to conventional FB phase modules, i.e., enables more
efficient and/or more compact power supplies with fewer phases.
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I. INTRODUCTION

Future particle accelerators such as the Future Circular
Collider (FCC) [1] at CERN should feature circumferences
of 80...100km, i.e., much more than today’s Large Hadron

Collider (LHC), to facilitate fundamental physics experiments
with ever higher particle energies. Significant energy savings—
[2] estimates a power demand reduction from 79 MW to
12 MW——could be achieved if the thousands of high-current
electromagnets needed for guiding and shaping the particle
beam were realized with high-temperature superconducting
(HTS) magnets operating at around 40...60K instead of with
normal-conducting or low-temperature superconducting coils.

However, if the HTS magnets (e.g., Lijopag = S00mH and
parasitic Rjoag & 11Q) in their cryostats are supplied from
external power supply units (PSUs) operating at typical ambient
temperatures of Ty, ~ 25°C (298 K) [3], unavoidable heat
leak-in occurs via the thick current leads needed for high magnet
currents [4], increasing the required cooling power/energy [5]-
[7]. Cryogenic PSUs inside of the cryostat [5], [8]-[11] could
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Fig. 1. Multi-phase HTS magnet 4Q PSUs based on (a) full-bridge (FB) phase modules (coupled inductors possibly needed to suppress circulating currents not
shown) and (b) the proposed three-switch T-Type (3S-TT) bridge-leg topology. The midpoint switch Sg is realized using a single standard GaN transistor,
whose (limited) reverse blocking capability of up to Vpg > — (V1 — Vigs off) indicated in (c) suffices for the low dc voltage Vi, , < 2V. Note the Schottky
diodes in parallel to the other GaN transistors to minimize the deadtime conduction losses.
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Fig. 2. Exemplary simulated (LTspice) key waveforms of a single phase module with a duty cycle of D = 50%, effective switching frequency of 20kHz at the
output, and one EPC2302 GaN HEMT per switch position. (a) FB phase module with Vi, =2V, L;r L =1.5uH, and fiw = 10kHz (per switch), and (b)
proposed 3S-TT phase module with Vi, , =2V, Viy , =2V, L = 2L;r =3pH, and fiw = 20kHz; the zoomed view indicates that the commutation from Sgs ;
to the midpoint switch Sg; involves the anti-parallel diode of the low-side switch Sy g 1, as the switch node is at —Vj, , during the interlock delay time.



thus potentially realize further energy savings. For example, a
250 A cryogenic multi-phase step-down dc-dc converter based
on Ny = 5... 10 full-bridge (FB) phase modules (see Fig. 1a,
Fig. 2a) with four parallel EPC2302 GaN HEMTs per switch
position and operating with an (effective) switching frequency
of 20kHz (due to control bandwidth requirements [12]) could
achieve overall losses inside of the cryostat (including leak-in
losses) of around 5W, i.e., a fourfold reduction compared to
the losses if an external power supply was used [4], [5]. Still,
the major share of the FB-based PSU losses are semiconductor
conduction losses. Therefore, this paper proposes a new phase
module topology that ultimately could enable an at least twofold
further reduction of the system losses.

II. Prorosep LV TarRee-SwitcH T-TyPE (3S-TT) ToroLoGY

Fig. 1b shows the proposed three-switch T-Type (3S-TT)
bridge leg, whose switch node SW; can be tied to the positive,
middle or negative rail, i.e., Vipp = Vinn = Vi results in the
same bipolar and/or three-level output voltage capability as
the FB. Unlike conventional TT bridge-legs [13], [14], the
midpoint switch Sg; is realized with a standard GaN transistor
instead of with either an anti-series connection of two such
transistors or a monolithic bidirectional switch [15]-[17]. A
single standard GaN transistor suffices due to the very low
dc voltages of typically Viy, < 2V and/or Vipn < 2V: as
indicated in Fig. 1c, the essential (functional) symmetry of
a GaN HEMT can support a negative drain-source voltage
Vps < 0 as long as the gate-drain voltage Vgp < V1 where
Vr is the threshold voltage, or, in other words, as long as
Vbs > —(Vr — Vis). Thus, a negative gate-source voltage Vs
can be employed to increase the reverse blocking capability
to some extent.!'2 Advantageously, only one switch is located
in the load current path (i.e., in series with the load) at any
given time instead of two switches in case of the FB. Therefore,
considering the same number of transistors for each position,
the proposed 3S-TT reduces the conduction losses by at least
a factor of two.3

Fig. 2 further shows key waveforms of the FB and the
proposed 3S-TT phase module (i.e., Npp = 1 is considered in the
following), where identical output voltages and hence identical
requirements and stresses for the (total) series inductor and the
output filter capacitor result (note that the device switching
frequency of the 3S-TT is twice that of the FB, however). Note
further that in the 3S-TT, the commutation from Sys; to the
midpoint switch Sg; involves the anti-parallel diode of the
low-side switch, as can be seen in the zoomed waveforms; i.e.,

!Specifically, Vs of = —1V is used for the considered EPC2302 transistors
with Vr = 2V [18], [19]. Note also the omission of an anti-parallel Schottky
diode for Sk, which would compromise the reverse blocking capability.

2Note that the orientation of Sg is selected such that bootstrap gate drive
power supplies can be employed, resulting in an asymmetric blocking capability
with Vi, p >> Vi . To implement magnet quench protection, Vi n >> Vinp
is required to quickly ramp down the magnet current [5]: Sk could be flipped
but an isolated gate drive interface would be needed.

3Even though a PSU based on 3S-TT phase modules requires three instead
of two current leads, the overall much lower losses allow thinner cross sections
and hence a clear system-level benefit results.
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Fig. 3. Calculated switching-stage losses for an FB and a 3S-TT phase module
with equal effective switching frequencies of 20kHz (fsw rg = 10kHz and
Jfsw,3s—1T = 20kHz) and thus equal output voltage quality. (a) Operating
point from Fig. 2 using four parallel EPC2302 GaN transistors per position.
The twofold reduction of conduction losses (which is independent of D) is
clearly visible. (b) Typical HTS magnet PSU operating point (very small D),
where the 3S-TT features the same total of 16 transistors as the FB, but with
optimized allocation to switch positions (in case of the 3S-TT, see text).

there are no soft commutations, which is acceptable due to the
low switched voltages and dominating conduction losses.

Fig. 3 illustrates the reduction of the switching stage losses
of the 3S-TT compared to the FB phase module for equal
DM output voltage quality and hence equal conditions for the
inductors and output filter. Considering the operating point
from Fig. 2 and four parallel EPC2302 transistors per position
for the FB phase module, Fig. 3a confirms the dominance of
conduction losses and hence about a factor of 2 lower losses
for the 3S-TT compared to the FB phase module, even though
only 12 instead of 16 transistors are used.

Optimizing the performance of the 3S-TT phase module for
a specific operating point, i.e., very low and positive output
voltages in case of an HTS magnet supply in steady-state,
Sk should feature much more chip area than the other two
positions, which Fig. 3b illustrates for the case of equal total
number of 16 transistors. Note that also the FB transistor
allocation could be changed (not shown) to favor, e.g., the
low-side freewheeling path by placing 7 parallel transistors
for positions Sy | and SEs,l» respectively (the FB modulation
must be modified such that only this freewheeling path is
used). Then, for the same total of 16 transistors, the 3S-TT
conduction losses are still only (1/14)/(2/7) = 1/4 that of the
FB. In general, the asymmetric transistor allocation leads to
increased losses for higher output voltages, which are required
during ramp-up/down of the magnet current [5]. Thus, a trade-
off between low steady-state losses and maximum ramp rates
exists, depending on the specific application.

III. CoNcLUSION

The proposed 3S-TT topology has the potential to reduce
the losses of cryogenic four-quadrant step-down multi-phase
GaN converters by a factor of 2...4 and/or to reduce the
number of employed transistors or phase modules, enabling
more compact realizations. Further research will address the
system-level optimization, including ramp-up/down, leak-in
losses, etc., and the experimental verification.
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