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Abstract—Series connected IGCTs find application in
hard-switched commercial power converters at the MW
power levels. Expanding the application of these devices
to medium voltage dc-dc resonant converters is of great
interest due to the IGCT’s low conduction losses. This re-
quires a deeper understanding of the device’s behaviour in
series connection and under switching conditions different
than those in hard switched converters. In particular, the
voltage sharing between series connected IGCTs must be
achieved with significantly reduced turn-off currents, typi-
cal for resonant converters. Relying on a versatile IGCT test
setup, this paper explores the operational performances
of series connected IGCT operation at very low turn-off
current and with snubber capacitance in the range of a
few tens of nF. The results presented in the paper are
obtained from commercially available 4.5 kV 68mm reverse
conducting IGCTs (with standard irradiation), as well as two
customized engineering samples (high irradiated variants),
optimized on their technology curve for high switching
frequencies. The IGCTs are successfully operated in series
connection at 5 kHz, with device voltage being effectively
shared in resonant converter operation.

I. INTRODUCTION

The ongoing drive for ever-increasing efficiency in transport
and conversion of electrical energy has lead to the desire to
increase the voltage of dc systems from the low-voltage (LV)
to the medium-voltage (MV) level in a number of applica-
tions[1]–[4]. Compared to their ac counterparts, direct current
(DC) networks offer higher efficiency, no need for reactive
power compensation, and no need for grid synchronisation.
Additionally, simple integration of renewables, energy storage
systems and DC loads such as fast charging stations and data
centres make medium-voltage direct current (MVdc) grids
more flexible and appealing for both onshore and offshore
use, driving ongoing academic and industrial efforts [5]–[8].

For several years now, bidirectional isolated power convert-
ers interfacing dc buses of different voltages at the MV level
as shown in Fig. 1, have been identified as a key enabling
technology for the development of MVdc systems [9]–[11]. A
number of different solutions have been proposed, with dual
active bridge (DAB) and LLC-series resonant converter (SRC)
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Fig. 1: DC transformers in medium-voltage direct current
systems provide interfaces between buses of different voltage
level and isolation.

being the most popular topologies and with the DAB gaining
significant traction particularly in the marine and offshore wind
farm sectors [12]–[15]. Nevertheless, DAB based converters
require closed loop control [16], which does not striclty
correspond to the definition of dc transformer (DCX). The
SRC on the other hand, can provide bidirectional energy
flow while in open loop operation thanks to its stiff voltage
transfer characteristic [17]. Additionally, by increasing the
semiconductor switching frequency, the volume and mass of
both the medium-frequency (MF) transformer and resonant
tank capacitors can be significantly reduced with positive
repercussions on the DCX’s power density, cost, and size.
The desire for increasingly high frequency operation has
brought the insulated-gate bipolar transistor (IGBT) and SiC
MOSFET to be the most commonly considered devices for
DCX applications [18], [19]. The first provides ruggedness,
ease of drive, and wide availability [12]–[15], while the second
allows for increased switching frequencies and reduced losses.

In spite of the popularity of these devices, over the past
thirty years the integrated gate-commutated thyristor (IGCT)
has established itself as a relevant competitor in the field of
power conversion at the MV level in multi-MW systems [20],
[21]. The device has proven to be an effective alternative to the
popular IGBT as the IGCT offers increased reliability, larger
safe operating area (SOA), better utilisation of the silicon
wafer area in press-packed devices and therefore better thermal
contact with the cooling surface. Additionally, its thyristor
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based nature guarantees significantly lower conduction losses
than an IGBT of similar ratings [22]–[28]. On the other hand
historically, the IGCT has been optimised for operation in
hard switched conditions (several kA, kV) which are typical
for high power inverters. In these conditions the device’s
turn-off energy is significant. Due to the resulting relatively
high switching losses, the switching frequency of the device
normally does not exceed 1 kHz.

Nevertheless, recent research has shown that the limita-
tion on the IGCT switching frequency can be effectively
sidestepped by capitalising on the advantageous switching con-
ditions provided by SRC based DCX [29], [30]. In particular,
topologies such as the LLC-SRC in subresonant operation,
shown in Fig. 4 can provide truly optimal operating conditions
for IGCTs. In such a topology and operating mode, the power
transfer between primary and secondary takes place during the
resonant current pulse, which is spontaneously ended after a
time interval determined by the resonant frequency of the con-
verter’s tank. This leads to a large resonant current peak, which
is efficiently handled thanks to the IGCT’s low on-state losses.
The IGCT turn-off, normally a significant source of losses,
is performed at extremely low current levels, independent of
load condition and determined by the magnetising inductance
of the transformer. In these conditions turn-on losses are also
negligible due to the zero voltage switching (ZVS) or zero
current switching (ZCS) conditions at turn-on, depending on
the converter load. Finally, the clamp circuit conventionally
needed to protect the IGCT antiparallel diode can be entirely
omitted thanks to the current rate of increase being naturally
limited by the resonant tank. Operation of IGCTs in these
favourable conditions has been shown to be possible in the
range of several kHz, providing a range of benefits related to
the reduced footprint, weight and cost of IGCT-based DCX
[31].

To truly support the adoption of MVdc power systems on
a large scale through the use of LLC-SRC based DCX, the
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Fig. 2: IGCT-based LLC-SRC for bulk power transfer. NPC
topology is employed on both high (10 kV) and low (5 kV)
side.

scalability of such a device to increased voltage levels needs
to be demonstrated. This paper investigates the feasibility of
such voltage scaling through the series connection of 4.5 kV
RC-IGCT devices in LLC-SRC DCX. In particular, the paper
explored the ability of series connected IGCTs to effectively
share voltage at turn-off under the very low current turn-off
that takes place in the LLC-SRC topology. Through thorough
experimental characterization, snubber capacitor values are
evaluated and compared directly, in terms of their impact on
the voltage sharing during switching transitions. Finally, the
paper explores the performance increase offered by the use
of reverse conducting IGCT (RC-IGCT) engineering samples
with increased irradiation levels exhibiting reduced values of
turn-off energy at the expense on increased conduction loss.
Through the use of these devices, the IGCTs are operated for
the first time in series connection at a frequency of 5 kHz.

The contributions of this paper are: i) the analysis of
voltage switching transition of commercially available series-
connected IGCTs (with standard irradiation) and customized
engineering samples (with higher irradiation) under low cur-
rent switching conditions; ii) the characterization of the in-
fluence of small snubber capacitance values on switching
performance at high switching frequencies; iii) the reporting
for the first time of series connected IGCT operation at the
record-high switching frequency of 5 kHz.

This paper is organised as follows: Section II discusses the
series connection of IGCTs in LLC-SRC and the challenges
arising from low current turn-off, Section III provides a
description of the semiconductors employed for the charac-
terisation of low current turn-off and the setup used to test
them, Section IV provides test results and their analysis for
different levels of turn-off current, snubber capacitance and
IGCT devices, and finally Section V demonstrated for the
first time series connected IGCT operation at a frequency
of 5 kHz thanks to the advantageous soft-switching condition
and demonstrating the feasibility of DCX employing MF
transformer and IGCTs.

II. IGCT SERIES CONNECTION IN LLC-SRC

Differently from the IGBT, which can benefit from active
voltage balancing, the dynamic and static voltage sharing
between series connected IGCTs is guaranteed by snubbers
and balancing resistors, respectively, such as those shown in
Fig. 3. This is because the turn-off process of an IGCT is quite
similar to that of a traditional gate turn-off thyristor (GTO):
the anode current must be commutated from the cathode to the
gate through the application of negative voltage at the gate-
cathode junction. This sweeps charge carriers from the junc-
tion which undergoes reverse recovery and becomes reverse
biased. While this process is under the control of the gate
driver unit, the voltage increase at the device’s terminals only
takes place during the sweep-out of the n-base, which only
takes place later in the turn-off process and is affected only by
the characteristics of the device, and not by the gate driver unit
action. The series connection of RC-IGCTs in hard switched
applications and the relative snubber sizing is well documented
in academic publications and employed in industrial products
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Fig. 3: Series connected RC-IGCTs with (a) RCD, (b) RC
and (c) C parallel connected snubber for dynamic voltage
balancing.
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Fig. 4: IGCT turn-on in the LLC-SRC is performed in ZVS
condition thanks to the current conducted by the device’s
antiparallel diode. The turn-off take place in low current
conditions.

[32]–[36]. Contrarily, series connection of RC-IGCTs in soft
switched applications has rarely been investigated and poses
some challenges. The principles employed are the same as in
hard-switched applications. However, soft-switched resonant
converters allow for significant simplification of the dynamic
voltage balancing snubbers. Concerning the static voltage
balancing resistors (Rb in the figure), these achieve their goal
by conducting a larger current than the leakage current of the
RC-IGCTs and their antiparallel diodes while the IGCTs are
OFF. Reference [37] provides a sizing rule in the form of

Vdc

n − ∆V
n−1

Rb −∆Rb
+ Il0,max

√
Vdc

n − ∆V
n−1

VIGCT,0
=

Vdc

n +∆V

Rb +∆Rb
, (1)

where n is the number of series connected devices, Il0,max

is the maximum leakage current of the devices at voltage
VIGCT,0, Rb and ∆Rb are the values of the balancing resistor
and its tolerance, and ∆V is the maximum voltage deviation
between the series connected devices. The equation can be
solved numerically to calculate the required value of balancing
resistors based on the acceptable level of voltage deviation,
which is up to the designer.

On the other hand, the sizing of dynamic voltage sharing
snubbers of the series connected RC-IGCTs is affected both
by the maximum acceptable dynamic voltage imbalance, and
by the expected turn-off current level. In a conventional LLC-
SRC converter, the transmission of power from the primary

to secondary side takes place during the resonant pulse, the
duration of which is determined by the resonant frequency
of the converter’s tank. The resonant current pulse and its
relatively slow di/dt rise are what allows the turn-on of
devices in the LLC-SRC topology to take place in ZVS or
quasi-ZVS conditions, as seen in Fig. 4. This is very beneficial
as turn-on losses in these conditions are negligible as long as
the condition on the dead-time

td,off < tDT < td,off + tD,cnd − td,on (2)

is verified, as discussed in [31], where td,off is the gate driver
turn-off delay, td,on is the turn-on delay, tDT is the dead
time (usually around 10 µs to 12 µs), and tD,cnd is the GCT
antiparallel diode conduction time.

After the resonant pulse is spontaneously extinguished, the
only remaining current in the resonant tank is the transformer
magnetising current. At turn-off, the conducting devices only
need to interrupt this magnetising current, the peak of which
can be defined during the converter design through the mag-
netising inductance of the transformer. Therefore, while the
conduction losses of the topology are determined by the
power and voltage level, the turn-off losses are linear with the
switching frequency. For this reason, in a medium-frequency
dc transformer application, IGCT turn-off losses constitute the
bulk of the converter losses [31]. Therefore, to allow medium-
frequency operation of the topology, the IGCT turn-off current
(that is to say the peak transformer magnetising current) must
be brought to a very low level, which is beneficial in terms of
reducing turn-off losses and allowing for frequency increase
in order to reduce the size of the MFT in the topology.

To evaluate the peak dynamic voltage difference between
two series connected devices, reference [37] has proposed

∆Vdyn =
Vdc

2

∆Cs

2Cs +∆Cs
(3)

for hard switched applications. This is the case as the IGCT
output capacitance, typically in the range 0.8 nF to 1 nF (for
68mm RC-IGCTs), can be neglected with respect to that of
the snubbers. In hard switched applications, the IGCT turn-
off current can be in the range of several kA with examples
in literature of snubber capacitors in the range of 200 nF to
1 µF. The voltage rise time can therefore be approximated
to be equal to the time necessary for the turn-off current to
charge the IGCT snubber capacitance. The switching period in
hard switching application is usually above 1ms. Therefore,
even with large snubbers, the duration of the dead time during
which the voltage transition must be completed is small with
respect to the switching period.

The low current turn-off in the LLC-SRC poses a more
significant challenge in terms of dynamic voltage balancing.
The sum of the gate driver delay tdelay and the voltage rise
time trise must be lower that the selected dead-time tDT to
ensure a safe turn-off. While a low turn-off current has a
relatively small impact on the gate driver delay tdelay , the
duration of the voltage rise is significantly extended by a
reduction in turn-off current. An increased voltage rise time
due to slow snubber capacitance charging is incompatible
with the desired increase in switching frequency that can be
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achieved with a low turn-off current. The need to increase
the dead-time to ensure safe commutation works against the
desire to reduce the switching period, as these values of
15 µs (inherited from [31]) and 200 µs, respectively are in a
comparable range.

To achieve increased switching frequencies, the snubber
design must be such that the IGCT transitions are as fast as
possible, allowing for a reduction of the dead-time. Therefore,
a reduction in snubber capacitance size is required for an
increase in switching frequency to be possible. Still under the
assumption that the IGCT output capacitance is negligible, a
sizing rule is established in this work as

Cmax =
ioffntDT

4Vdc
, (4)

where ioff is the IGCT turn-off current, tDT is the dead-
time, Vdc is the dc bus voltage and n is the number of series
connected IGCTs per position. As an example, for two series
connected devices with a 5 kV dc link voltage, 50A turn-
off current and a relatively long dead-time of 15 µs (values
similar to those in [31]), this results in a maximum snubber
capacitance of 75 nF.

Nevertheless, it should be reiterated that operation in a soft
switched topology also brings very significant advantages. In
particular, almost independently from the load condition, the
turn-on of the IGCTs is performed in ZVS or quasi-ZVS
conditions. A low voltage turn-on means there is no danger
linked to the discharge of the snubber capacitance into the
device as it turns on, and therefore, in principle, no need
for the typically employed snubber resistor shown in Fig 3b.
This makes the turn-on process non-critical and allows the
use of purely capacitive snubbers in soft-switched topologies
with significant advantages in terms of snubber physical size,
cost and efficiency. Additionally, the current rate of increase
at the time of IGCT turn-on is limited by the resonant tank
inductive elements to a few A

µs . This eliminates the risk of
high di/dt reverse recovery of the GCT antiparallel diode and
therefore the need for di/dt clamp circuitry. These two factors
significantly simplify the converter structure, as already seen
in Fig. 2.

Finally, it has been demonstrated in [31] that a turn-off
currents as low as 50A result in effective IGCT turn-off for
a single device at the 2.5 kV level. Based on this result,
the remainder of this paper focuses on low current turn-off
characterisation with turn-off current values of 50A, 75A
and 110A. Snubber capacitance values of 40 nF, 70 nF, and
100 nF are selected corresponding to estimated tDT values
included between 8 µs and 9.5 µs, which is sufficiently brief. In
addition to voltage sharing, device losses are also calculated as
a function of turn-off current and snubber capacitance values,
as the IGCT turn-off is critical both in terms of device voltage
sharing and overall losses.

III. IGCT DEVICES AND TEST SETUP

The IGCT devices under test are 68mm, 4.5 kV RC-IGCTs.
The RC-IGCT wafer is shown in Fig. 5a, in which the
IGCT and anti-parallel diode are integrated monolithically in
one wafer. The RC-IGCT solution provides compactness by
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Fig. 5: (a) 68mm, 4.5 kV reverse conducting IGCT wafer;
(b) half bridge test circuit used for hard-switched turn-off
measurements; (c) turn-off energy as a function of on-state
voltage as tested in setup (b) under hard switched conditions
for: standard devices, irradiated A, and irradiated
B. The setup parameters are: Li = 7.4 µH, Ccl = 1 µF,
Rcl = 1.25Ω and Ls = 600 nH.

reducing the parts count at system level thereby improved
reliability. Today however, IGCTs are optimized normally for
state-of-the-art two to five level inverters, which are operating
at relatively low switching frequencies in the range of few
hundreds of Hz under hard switched conditions. In these appli-
cations turn-off occurs at relatively high currents compared to
resonant converters, where the operating switching frequencies
are in the range of few kHz under soft switched conditions
with turn-off occurring at relatively low currents.

In order to increase the switching frequency of the com-
mercially available 68mm, 4.5 kV RC-IGCTs to be used
in resonant converters, two unique engineering samples are
manufactured and tested. These devices were subjected to
higher electron irradiation compared to commercial devices.
Two design variants with 55% and 95% higher electron
irradiation are referred to as Irradiated A and Irradiated B,
respectively, and are compared to the commercial devices
with the standard electron irradiation. The technology trade-off
of these three designs (RC-IGCTs with standard irradiation,
Irradiation A and Irradiation B) are compared under hard-
switched conditions (i.e. at high turn-off current and high
dc-link voltage) using classical half bridge test configuration
with clamp circuit as shown in Fig. 5b. As shown in Fig. 5c,
the increased irradiation reduces the turn-off energy losses by
22% and 29% in Irradiated A and Irradiated B, respectively,
when compared to standard irradiated devices. However, the
on-state voltage increases by 23% and 39% in Irradiated A
and Irradiated B, respectively. The improvement in switch-
ing performance with higher irradiation (Irradiated B) has a

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on December 04,2021 at 16:11:47 UTC from IEEE Xplore.  Restrictions apply. 



0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3132200, IEEE
Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS

larger trade-off on the on-state under hard-switched conditions.
The performance of these three designs is tested under soft-
switched conditions (at low turn-off currents) using the test
setup shown in Fig. 6b and the results are presented in Section
IV.

To characterize the performances and verify the design
rules for series connection of IGCTs in low current turn-
off conditions, a flexible test setup shown in Fig. 6a, is
extended expanding upon what was presented in [30]. This
test setup allows for DP tests and resonant operation tests of
both individual and series connected IGCTs. The configuration
of the test setup is shown in Fig. 6b and the value of the
employed components is listed in Table I.

The objectives of the test are to characterise three crucial
parameters, as a function of the turn-off current and snubber
capacitance. The first is the voltage rise time. This, together
with the IGCT turn-off delay provide the minimum value of
the converter’s dead-time. Considering the low values of the
turn-off current, the duration of the voltage rise is expected
to be increased compared to hard switched conditions. The
second, is the turn-off energy has to be computed. This is of
crucial importance if the switching frequency of the converter
is to be increased, as turn-off losses are the most relevant
part of total converter losses. Thanks to the measurement of
terminal voltage and current in each of the devices under test
(DUTs), as displayed in Fig. 6, the switching energy can be
calculated as the integral over time of the power dissipated in
the device. Finally, the difference in voltage between the two
DUTs is calculated, as the use of small snubbers increases the
risk of dynamic voltage unbalance. An example of a typical
test result in this configuration is shown in Fig. 6c

IV. IGCT LOW CURRENT TURN-OFF

All three RC-IGCTs mentioned in Section III are method-
ically tested and their turn-off is characterised with varying
levels of turn-off current and snubber components. The same
commercial gate driver units are employed in all tests, and
only the GCTs are replaced.

A. Commercial RC-IGCTs
Figs. 7 and 8 display the measured electrical quantities

of the test setup during turn-off with 5Ω and 0Ω snubber
resistance, respectively. Both figures display on the left side
results for S1 and on the right side results for S2. The values of
turn-off current used are, from top to bottom, 55A, 75A and
110A. Small discrepancies in the values of turn-off current
are due to sensing with high-current 3 kA probes, which are
the only ones available during measurements.

To summarise the results in a clear and concise fashion,
Fig. 9 displays the values of the voltage rise times, turn-off
energies and maximum voltage difference between the DUTs

TABLE I: Values of passive component of the test setup.

Cdc Lcl Rcl Ccl Cs Rs Rb Lm

1.3mF 18 µH 2Ω 7.4 µF 40nF, 70nF, 100nF 0Ω, 5Ω 10kΩ 6.3mH
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Fig. 6: (a) test setup [31] and (b) its configuration for double
pulse (DP) testing, with two RC-IGCTs per position. Each
GCT is provided with an RC snubber for dynamic voltage
sharing, and a balancing resistor for static voltage sharing. (c)
the turn-off current level at the end of each pulse is determined
by the pulse duration, which is of 55 µs in the test results.

during the turn-off process. Based on the figure, two expected
effects can be observed:

• A larger snubber capacitance (while still very low) results
in slower voltage rise, but better voltage sharing and
lower turn-off energy.

• A larger turn-off current results in faster voltage rise,
higher turn-off energy and larger voltage imbalance be-
tween series connected devices.

There are multiple important observations that are relevant
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to series connected LLC-SRC operation. First and foremost,
comparing Fig. 7 and Fig. 8, one can see that the main
difference that is observable is the slight oscillations in current
before turn-off that are present in the case of Rs = 0Ω. This
is not due to the turn-off process itself, but rather the turn-on
of the device, which takes place in hard-switched conditions,
with voltage present on the devices’ terminals. Because if
this hard turn-on, the snubber capacitance quickly discharges
in the device upon turn-on, causing large current oscillations
that are damped over time. A longer duration of the ON time
for S1 and S2 would have allowed further damping of these
oscillations, but as no larger value was available for Lm, it was

not possible to increase the ON pulse duration and maintain the
same levels of turn-off current. It is therefore important to note
that the presence of snubber resistance does not affect low-
current turn-off of the device. Second, the maximum voltage
difference between the series connected devices never exceeds
300V, with this value only being reached for the very small
snubber capacitance of 40 nF and the largest considered turn-
off current of 100A. This is due to higher turn-off current
and the smallest snubber capcitance resulting in higher dv

dt
and therefore exacerbating any asymmetry in switchign delay
or gate driver action. All other combinations of snubber
capacitance and turnoff current result in smaller peak dynamic
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Fig. 7: Low current standard RC-IGCT turn-off with Rs = 5Ω. From top to bottom, the turn-off current level is increased
from 55A to 75A to 110A. Figs. (a), (c) and (e) refer to S1, while Figs. (b), (d) and (f) refer to S2. The switching pulse is
shown in blue and using inverse logic in all of the subfigures.
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Fig. 8: Low current standard RC-IGCT turn-off with Rs = 0Ω. From top to bottom, turn-off current level of 55A, 75A and
110A. Figs. (a), (c) and (e) refer to S1, while Figs. (b), (d) and (f) refer to S2. The turn-off with Rs = 0Ω is similar to
Rs = 5Ω, except for current oscillations due the turn-on.

voltage imbalances. This provides the important information
that the difference in voltage between the two devices can
be kept within approximately 10% of the device dc voltage,
which is a relevant result considering this is the tolerance of the
employed snubber capacitors. Third, in all the combinations
of turn-off current and snubber capacitance, the voltage rise
time remains well below 10 µs. This is another significant
result since, as discussed, with an increased dc transformer
switching frequency a fast transition between conducting and
blocking state is necessary to maximise the portion of the
period available for power transfer. Nevertheless it should be
kept in mind that these results were obtained with devices at

room temperature, as no infrastructure is in place to control
the device case temperature. It is expected that an increase
in junction temperature will result in a slower state transition
requiring increased dead-time [37]. Finally, the energy dissi-
pated at turn-off is always lower than was expected based on
the linearisation of the device turn-off energy provided in the
datasheet as a function of turn-off voltage and current. This
is again a positive result, as it promises better than expected
efficiency and reduced cooling effort of the devices. However,
it should be noted that the calculated turn-off energy is only
the energy dissipated in the IGCT itself, and not in the snubber.

As different applications have different requirements in
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Fig. 9: Rise time, switching energy and ∆Vdyn during turn-off of standard RC-IGCTs as a function of Ioff for: Cs = 40nF,
70 nF, and 100 nF, respectively.

312 314 316 318 320 322 324

0

0.5

1

1.5

2

2.5

Time [µs]

Vo
lta

ge
[k
V

]

VS1 ,standard VS1A VS1B

IS1standard IS1A IS1B

0

25

50

75

100

125

C
ur

re
nt

[A
]

Pulse

(a)

312 314 316 318 320 322 324

0

0.5

1

1.5

2

2.5

Time [µs]

Vo
lta

ge
[k
V

]

VS2 ,standars VS2A VS2B

IS2standard IS2A IS2B

0

25

50

75

100

125

C
ur

re
nt

[A
]

Pulse

(b)

Fig. 10: Comparison of turn-off of (a) S1 and (b) S2 at 110A for standard, irradiated A and irradiated B devices, with a
Cs = 100 nF.

terms of admissible dead-time, turn-off energy, and dynamic
voltage imbalance, it is not possible to provide a general
recommendation for the optimal value of snubber capacitance
under low current switching conditions. The obtained results
show that a decrease in turn-off losses can be achieved either
by a reduction in turn-off current, and by an increase in
snubber capacitance. The same goes for improved dynamic
voltage sharing. Nevertheless, based on the tests that have been
carried out, a suggestion can be made as to which criteria to
use with the goal of selecting an appropriate value of turn-off
current and snubber capacitance in a given application. Once
the designer has determined what is the maximum acceptable
duration of the dead-time, several combinations of turn-off
current and snubber capacitance can satisfy the condition.
It is recommended that the designed select the combination
with the lowest value of turn-off current, with a capacitance
value that is still able to guarantee a dynamic voltage sharing
between the series connected devices that is deemed to be
acceptable in the application. This is because a decrease in
turn-off current is found to be more beneficial than an increase
in snubber capacitance both in therms of turn-off losses and
in terms of voltage sharing. Note that this discussion is based
solely on turn-off energy considerations, and not on the effect
on device lifetime. Finally, it should be highlighted that the
removal of the snubber capacitance is also not a feasible
option, as testing which is not reported in the context of this

paper has shown that in the absence of snubbers the voltage
sharing between series connected devices is not sufficient for
safe operation.

B. Higher Electron Irradiated RC-IGCTs
Having established the performance of standard IGCTs in

low turn-off current and low snubber capacitance conditions as
a benchmark, the performance of Irradiated A and irradiated B
engineering samples can be tested and compared. The devices
are made to perform the same tests as the commercial GCTs.
An example of direct comparison of the switching waveforms
is shown in Fig. 10, and the difference in performance is
summarised in Fig. 11. This figure compares the devices in
terms of turn-off energy, voltage rise times and peak dynamic
voltage imbalance. For each value of snubber capacitance, one
plot in Fig. 11 is presented. From left to right, values of 40 nF,
70 nF and 100 nF are used.

The first row of the figure, pertaining to turn-off energy,
shows a clear distinction in behaviour between the commercial
and irradiated A and irradiated B GCTs. The effect is more
pronounced the lower the snubber capacitance value. For the
A and B devices, no matter the turn-off current value, the
turn-off energy never exceeds 100mJ (except for one outlier
point for 100 nF snubber capacitance). In contrast, the turn-
off energy of the standard GCTs reaches almost double this
level end exhibits strong variations with turn-off current value,
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Fig. 11: Comparison of switching energy (top), voltage rise time (center) and ∆Vdyn (bottom) during turn-off as a function of
Ioff . The employed GCTs are: standard commercial devices, irradiated A, and irradiated B.

ultimately due to the longer carrier lifetime and increased
junction sweep-out time of the standard devices. One can
also see by comparing the plots how an increase in snubber
capacitance value, while it does not significantly affect the
switching energy for irradiated devices, it does reduce the
difference in switching energies between S1 and S2 for all
tested GCTs. This is because as the dynamic voltage sharing
improves, so does the sharing of the turn-off energy, since
the current in the devices is the same due to their series
connection.

The second row of Fig. 11 displays the trends in voltage
rise time between the tested GCTs, which are as expected.
The figure shows how the voltage rise time is a for the most
part a function of turn-off current and snubber capacitance
values. This is desired, as the purpose of the addition of
snubbers in parallel to the devices is for the snubber to be the
primary factor determining the GCT voltage sharing. It can be
clearly seen how increased levels of turn-off current result in
faster voltage rise, and also how increased snubber capacitance
values result in a slower voltage rise. While standard GCTs
are slightly slower than their irradiated counterparts across the
board, this difference is small compared to that determined by
snubber capacitances.

Finally, the last row of the figure displays the peak voltage
differences between S1 and S2 during turn-off. Here, one can

again see a difference in trends between the commercial and
irradiated A and irradiated B devices. While the commercial
devices exhibit a clear increase in voltage difference between
a turn-off current of 50A and 75A, this difference is propor-
tionally much less significant when stepping up from a turn-
off current of 75A to 100A. This is not the case with A and
B GCTs, which increase their peak voltage difference almost
linearly with the increase of the turn-off current, likely due to
the better turn-off delay matching of standard devices. On the
other hand, all devices exhibit the desired reduction in voltage
difference with the use of a larger snubber capacitance, with
the irradiated devices reducing the peak voltage difference
further than standard devices, especially at higher turn-off cur-
rent levels. The characterisation of RC-IGCTs that underwent
increased irradiation levels yields the expected results, and
the comparison with standard commercial devices highlights a
case for their employment in the the proposed SRC-LLC based
DCX application. The devices provide a reduction in turn-off
loss of up to 50% compared to standard devices, at the cost
of an increased, but still safe, voltage unbalance. Ultimately,
as the conduction losses of increased irradiation devices are
also higher, the trade-off needs to be carefully evaluated and
is the topic of future work.

The DP tests carried out in this paper are used to charac-
terise only the low current turn-off behaviour of the IGCTs
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Fig. 12: Test setup configured for resonant operation. Cdc

= 1.3mF, Lm = 6.3mH, Cr = 85 µF, Lr = 5.5 µH, fr =
7.35 kHz.

under test. While the DP test would usually provide useful
information concerning the device turn-on as well as turn-
off, this is not the case in this context. This is because the
conditions at turn-on witnessed by the devices in the DP test
setup are not soft switching conditions. In the DP test setup,
the DUTs are turned on with the full DC link voltage being
applied to the terminals of the series connection of S1 and
S2, and the current rate of increase is limited by the clamp
circuit. This results in the snubbers in parallel with these two
devices being charged, and the snubbers in parallel with S3

and S4 being completely discharged. At the time of turn-on,
the snubbers in parallel with S1 and S2 quickly discharge
into the device and the snubber resistor (if present), while the
snubbers in parallel with S3 and S4 provide a current path
bypassing Lm and resulting in a large current spike limited
only by the clamp inductor Lcl, as can be seen in Fig. 6c.
This turn-on is not representative of turn-on that takes place
in soft switching conditions. Soft turn-on would result for
S1 and S2 in either ZVS or ZCS conditions, resulting in a
virtually lossless commutation. It is for this reason that tests
are also carried out also with no snubber resistor (Rs = 0Ω).
While this would lead to high current peaks during turn-
on under hard switched conditions, under soft turn-on the
snubbers are naturally discharged before the turn-on of the
device, leading to lower losses and smaller snubbers. While
their turn-on behaviour cannot be explored in this test setup,
their turn-off was considered and results were presented. As
the turn-off losses are expected to be the critical factor limiting
the maximum switching frequency, their evaluation and the
characterisation of the series connected low current IGCT turn-
off was the main goal of this analysis.

V. RESONANT OPERATION

Finally, the operation of series connected RC-IGCTs at
a frequency of 5 kHz is presented. The results displayed in
this section are preliminary and no analysis of the effect of
temperature on the presented waveforms is performed. The
displayed waveforms refer to the devices’ junction at ambient
temperature (beginning of the test). For resonant operation, the
test setup in Fig. 6a is reconfigured to imitate the operation of
the LLC-SRC. Fig. 12 displays this, showing the addition of
the resonant tank composed by Lr and Cr, and the rectifier
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Fig. 13: 5 kHz RC-IGCT series connected resonant operation
(a) voltages and (b) currents.

diodes circulating power back to the DC link capacitors.
Lm conducts the equivalent of the transformer magnetising
current Im, while a second voltage source VA (MAGNA 20V,
2.2 kA) provides the simulated converter load resonant current
Ir. This is achieved by VA simulating a voltage difference
between the terminals of the rectifier and IGCTs. The setup
is operated at its maximum circulated power, setting VA =
20V. Fig. 13 displays the sensed voltages and currents. The
waveforms displayed in the figure are obtained with a resonant
frequency of the resonant tank equal to 7.35 kHz, which is
significantly higher than the switching frequency of 5 kHz.
This is a consequence of the relatively slow RC-IGCT turn-
off and turn-on process, which imposes here a dead time of
20 µs, or 10% of the period. Below this values of dead time
the IGCT turn-on takes place before the end of the turn-
off of the complementary device, resulting in loss of ZVS.
The snubber capacitance value used in resonant operation is
of 20 nF, for both diodes and RC-IGCTs with the turn-off
current having been further reduced to approximately 20A. In
spite of this ultra-low turn-off current value, the devices are
able to effectively turn OFF, and a power of almost 0.5MW
was circulated in the setup. Higher power operation would be
possible with increased voltage of VA, but this is not possible
with the available power supply.
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Very importantly, the test confirms that in these preliminary
conditions, ZVS is maintained in resonant operation, validating
the initial hypothesis of negligible device turn-on losses.
Further analysis of the sources of power loss in this operation
is required. Nevertheless, the presented resonant operation
validates the feasibility of an SRC-based providing isolation
through a medium frequency transformer.

VI. CONCLUSION

To provide the technological foundation for the future devel-
opment of IGCT-based DCX, this paper has demonstrated low
current turn-off of series connected 4.5 kV, 68mm RC-IGCTs
with multiple turn-off current levels and snubber capacitances.
The performance of both commercial and purpose-optimised
devices is evaluated and the improved turn-off performance of
the latter is demonstrated. Trade-offs related to the increase
switching performance are also discussed, in terms of switch-
ing energy and device voltage sharing. Finally, RC-IGCTs are
operated in series connection at the frequency of 5 kHz in
conditions equivalent to those of an SRC-LLC converter. The
presented results are promising for future research focusing
on series connected RC-IGCTs operation in resonant dc-dc
converter topologies.
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