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Abstract—In the last thirty years the IGCT has been em-
ployed in medium voltage MW power level converters and
has demonstrated some of the lowest conduction losses of
any actively controlled device in traditional hard-switched,
sub-kHz applications. Extending the use of the device to
medium frequency applications such as DC transformers is
possible through soft-switched operation, where low turn-
off current and zero voltage turn-on significantly reduce
switching losses. For this purpose, this paper explores
the trade-offs in the transition between zero voltage and
zero current switching conditions of reverse conducting
IGCTs. Switching conditions resulting in minimal switching
loss are identified for standard commercial devices and
engineering samples subjected to increased electron irradi-
ation to reduce switching energy at the expense of on-state
voltage. The operation of the IGCTs at the record frequency
of 5 kHz is thermally validated under load in the identified
switching conditions.

I. INTRODUCTION

Low-voltage (LV) and medium-voltage (MV) direct current
(dc) distribution systems offer many advantages compared
to their alternating current (ac) counterparts, thanks to their
increased efficiency and lower operating costs. The absence of
reactive power compensation and grid synchronisation require-
ments, simplicity in the integration of renewables, modern
DC loads, and energy storage systems, further tip the scale
in their favour [1]–[4]. For these reasons, low-voltage direct
current (LVdc) distribution systems are already becoming the
standard for applications such as shipboard power distribution
networks and data centres, while applications of medium-
voltage direct current (MVdc) systems are expected to increase
in the coming years as standardisation and availability of
suitable technologies increase [5]–[8]. In this context, the DC
transformer (DCT) has been identified as a crucial enabling
technology providing essentially the same function of isola-
tion and interfacing of different voltage level buses that a
traditional transformer provides in AC systems, as seen in
Fig. 1. However, compared to traditional transformers, DCTs
can additionally provide a significant reduction in size and
weight of the device, which is an effective way to reduce costs
through smaller system footprint, increased power density and
reduced use of raw materials. This was achieved thanks to the
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Fig. 1: DC transformers allow the interfacing of buses at
different voltage levels without requiring active control of the
power flow.

capabilities of modern power semiconductors, with switching
frequencies of several kHz having been demonstrated [9], [10].

Thanks to the need for high frequency operation, the SiC
MOSFET has been steadily gaining ground and attracting
much research interest in high power DC conversion [11]–[13].
However, the prevailing semiconductor technology in this
application is still the silicon insulated-gate bipolar transistor
(IGBT), thanks to its wide availability, ruggedness, ease of
drive and good switching characteristics [14]–[17]. The IGBT
has found application in both dual active bridge (DAB) and se-
ries resonant converter (SRC) embodiments of dc transformers
[18].

Over the past few decades and in other applications (such as
MV drives), the integrated gate-commutated thyristor (IGCT)
has emerged as an alternative device providing reliable per-
formance at the MV level, with its use mainly being reserved
to power levels above 1MW and switching frequencies well
below 1 kHz [19]–[23]. Compared to the more popular IGBT,
the IGCT, being a thyristor-based device, benefits from lower
conduction losses. Furthermore, it boasts improved reliability,
larger safe operating area (SOA) and lower thermal resistance
between junction and case in press-packed devices thanks to
excellent utilisation of the silicon wafer area [23].

While soft-switched operation of the MOSFET and IGBT is
well demonstrated, until [24] was presented, the use of IGCTs
has been reserved for hard switched topologies. These have
turn-off currents in the range of several kA, for which the
device is optimised, with resonant converter topologies not
being a target application. However, the very low conduction
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Fig. 2: Bidirectional half-bridge IGCT-based LLC-SRC topol-
ogy with resonant capacitance distributed between primary and
secondary. The topology can achieve high switching frequency
through soft switching.

losses of the IGCT (second only to line-commutated thyris-
tors) make it an interesting candidate for application in soft-
switchd topologies, as this would combine its intrinsic excel-
lent conduction characteristics with favourable zero voltage
switching (ZVS) or zero current switching (ZCS) conditions
in which such topologies operate. The reduction of switching
and conduction losses provide leeway for the increase of the
switching frequency, allowing the IGCT to reach frequencies
of several kHz that are currently out of its ordinary operating
range. Additionally, the use of a resonant topology allows the
complete elimination of the clamp circuits that are required
in hard-switched operation. This makes the IGCT a suitable
candidate for DCT application in the LLC-SRC topology as
in Fig. 2, which can be operated without closed loop control,
relying on its stiff voltage transfer characteristic for power
flow [25].

Nevertheless, this solution requires operation of the IGCT
well beyond its common switching frequencies while main-
taining safe operating conditions. To prove its feasibility,
this paper analyses reverse-conducting IGCT (RC-IGCT) con-
duction and switching losses, identifying optimal, low-loss
switching conditions by a comprehensive exploration of the
ZVS/ZCS boundary of RC-IGCTs in resonant operation. Ad-
ditionally, the paper demonstrates the operation of commer-
cial 4.5 kV 68mm RC-IGCTs at a frequency of 5 kHz and
2.5 kV dc link voltage in a test setup providing switching
conditions equivalent to those of the LLC-SRC topology.
Finally, engineering samples of RC-IGCT devices of the
same ratings, optimised on the technology curve for reduced
switching losses through increased levels of irradiation, are
compared to commercial devices. As the switching losses in
this operating mode will be shown in Section V to be prevalent
over conduction losses, the faster state transition of devices
with increased irradiation proves beneficial for the application
in spite of the increased conduction loss.

The contributions of this paper are: i) the exploration and
understanding of IGCT switching behaviour on the ZVS/ZCS
boundary, exploring the underlying loss mechanism and in-
cluding the effect of charge pre-flooding; ii) the evaluation of
trade-offs resulting from varying levels of electron irradiation
on IGCT loss minimisation in resonant applications.

This paper is organised as follows: Section II presents the
tested semiconductor devices and the limitations of IGCT
switching frequency, Section III discusses the employed test
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Fig. 3: a) Turn-off energy as a function of on-state voltage
under hard switched conditions; b) GCT forward voltage, and
c) diode forward voltage for standard devices, Irradiated
A, and Irradiated B.

setup with which experimental results are gathered, Section IV
identifies the trade-offs and behaviour of RC-IGCTs switching
at ultra-low (<20A) turn-off current. Section V discusses
conduction losses of standard and irradiated devices in the
target DCT application, and finally Section VI verifies the
feasibility of IGCT 5 kHz operation through thermal runs in
steady state.

II. IGCT SWITCHING FREQUENCY LIMITATIONS AND
DEVICES

The IGCT has traditionally found application in hard-
switched topologies operated at low (<kHz) frequencies. In
these applications, the limitations that prevent an increase of
switching frequency for the device (>1 kHz) can be synthe-
sized as:

1) Turn-off switching losses: In high switching frequency
applications (>1 kHz), relatively high Eoff causes the de-
vice to exceed its operating junction temperature (thermal
limitation).
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2) Minimum turn-on time requirement of the device: it is
required to have a minimum ton time (typically >40 µs)
to make sure that the device is turned ON homogeneously
throughout the wafer before turn-off is initiated.

3) Minimum transient time requirement of the clamp circuit:
a certain minimum time is required (> 10 µs) between
switching transients to make sure that the clamp capacitor
is discharged, and clamp diode is turned-off completely.

In particular, the minimum 40 µs ON time of the device is
due to the need to achieve uniform current distribution in the
device wafer before turn-off can be safely performed. The soft
switching conditions presented in this paper overcome all the
above limitations of the device:

1) Eoff is very low as the turn-off occurs at ultra low cur-
rents, below 20A (in first approximation, Eoff changes
linearly with the current).

2) No minimum turn-on time is required as the turn-off
occurs at ultra low currents, therefore resulting in low
localised energy density and no thermal hotspots on the
wafer (does not have an impact on turn-off SOA).

3) No requirement of minimum transient time as the clamp
circuit can be completely removed in the LLC-SRC
topology.

In this paper, three devices are discussed: a commercially
available 4.5 kV, 68mm RC-IGCT device, and two custom
engineering samples. The three design variants differ by
the homogeneous lifetime control achieved through electron
irradiation. The reference device is the commercial device
with standard electron irradiation. This design is optimized for
typical hard-switched, sub kHz applications. Devices referred
to as Irradiated A and Irradiated B are subjected to higher
electron irradiation to increase the switching speed and to
be used in high frequency applications. These devices have
55% and 95% higher irradiation than the commercial devices
(standard irradiated devices), respectively.

The technology trade-off of these three designs (RC-IGCTs
with standard irradiation, irradiated A and irradiated 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. 3a, the
increased irradiation reduces the turn-off energy losses at at
turn-off current of 1.1 kA by 22% and 29% in irradiated A
and irradiated B, respectively. However, the on-state voltage
at the same current level of 1.1 kA increases by 23% and
39% in irradiated A and irradiated B, respectively, compared
to standard irradiated devices. The improvement in switching
performance with higher irradiation (irradiated B) has a larger
trade-off on the on-state under hard-switched conditions.

However, as the focus of this work is LLC-SRC application,
the performance has to be evaluated under soft-switched
operation. The three designs are tested under these conditions
(at turn-off currents below 20A) using test setup shown in
Fig. 4 and the results are presented in Section IV.

III. TEST SETUP

The IGCT test setup presented in [24] and displayed in
Fig. 4a is used to gather the experimental results presented
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Fig. 4: a) The IGCT flexible test setup [26] is configured to
emulate the behaviour of an LLC-SRC converter, as shown in
b). Typical waveforms for the setup in this configuration are
seen in c).

in this paper. The setup is wired as displayed in Fig. 4b, and
emulates the behaviour of an LLC-SRC from the perspective
of the semiconductor devices by subjecting them to voltage
and current stresses equivalent to those of a full converter.
The values of the components of the setup are listed in Table
I.

The setup waveforms in this configurations are shown in
Fig. 4c. The setup is capable of circulating energy from the
DC link capacitors Cdc into the IGCTs and resonant tank, and
back into the capacitors through the diode rectifier. This is
achieved by applying a voltage vi to the return path of the
current emulating a controllable load by creating an artificial

TABLE I: Components of the test setup.

Vv Vi Cdc Cr Lm Lr

2.5 kV 0V...20V 2.6mF 85 µF 1.5mH...100mH 8 µH
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voltage difference between the resonant tank input and output.
The voltage generated by vi is modified to increase or decrease
the value of the load current ir, effectively simulating load vari-
ation in an LLC-SRC. The current im emulates the transformer
magnetising current and is determined by the DC link voltage
and the value of inductor Lm. The IGCTs conduct the sum
of currents ir and im. ir is conducted for the duration of the
resonant pulse, which is determined by the resonant frequency
resulting from the values of Cr and Lm. It transfers power from
the primary to the secondary side of the setup (or converter, in
a real application). im is conducted throughout the period, and
is necessary to maintain soft-switching conditions by forward-
biasing the IGCT antiparallel diode before turn-on. Together,
these two current recreate the advantageous conditions of low
turn-off current and ZVS or ZCS turn-on present in the LLC
topology.

IV. IGCT SWITCHING LOSSES AT ULTRA-LOW TURN-OFF
CURRENT

An important benefit of the use of the resonant LLC-SRC
topology is the low switching losses generated at turn-off
(low current) and negligible losses at turn-on (ZVS). In hard
switched applications and for high turn-off current levels, the
turn-off losses of the IGCT are proportional to the turn-off
current. Therefore, the lower the turn-off current, the more
advantageous the turn-off conditions for the device. Neverthe-
less, when reducing the level of turn-off current (<100A), [24]
has shown how the duration of the transition of the IGCT from
the ON state to the OFF state is significantly increased. For
the purpose of minimising switching losses, it is essential to
understand if and how very low values of turn-off current result
in a switching transition slow enough to exceed the dead-time
(also referred to as interlock time, or blanking time). If this
is the case, partial shoot-through will result. How this affects
IGCT switching losses must be explored.

A. Understanding the ZVS/ZCS transition
To explore the boundary between ZVS low-current turn-

off and partial shoot-though, the test setup in Fig. 4 was
configured with a very large value of magnetising inductance
Lm = 100mH, and a power supply voltage Vi = 0V
(effectively the same behaviour as if the resonant tank was
disconnected). In this configuration, the turn-on of IGCT SI
causes a linear increase of the magnetising current im up to
the desired turn-off level. SI is then turned OFF and after
dead-time Tdt has passed, SII is turned ON. The current and
voltage waveforms of SI are sensed, allowing to observe the
switching waveforms as a function of the turn-off current. It is
also possible to turn IGCT SII ON first, and evaluate the turn-
on waveforms of SI. As there is no resonant current flowing
in the setup, the value of elements Lr and Cr is not relevant.
The value of the DC link voltage Vv is set to 2500V.

Fig. 5 displays turn-off and turn-on transitions for SI , with
various ultra-low (<20A) values of switching current: 17A,
9A, and 0A. In the LLC-SRC topology, the turn-off current
value is equal to the peak magnetising current value in the
transformer, while in the test setup in Fig. 4 to im. For all
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Fig. 5: Experimental IGCT waveforms displaying turn-off
and turn-on under a) ZVS, b) non-ZVS, and c) zero-current
conditions. The turn-off current values are 17A, 9A, and 0A,
respectively. With loss of ZVS partial shoot-though takes place
due to incomplete n-base sweep-out.

three subfigures, switching waveforms are presented with the
same dead-time of 10 µs. There are three different possible
conditions that are presented: in Fig. 5a, the state transition
of SI happens in ZVS conditions. That is to say, the turn-
off current level is sufficiently high to sweep out the n-base
of SI before the dead-time ends and SII is turned ON (and
vice-versa for turn-on). Fig. 5b displays the effect of a lower
value of turn-off current (9A). In such a condition, the current
level is insufficient to complete the n-base sweep-out during
the dead-time, and at the time of turn-on of SII, the turn-off
of SI is still incomplete. As SII turns ON, a partial shoot-
through takes place in both devices, as they briefly are both
in conduction at the same time, since SI is not completely
turned OFF yet. This causes a current peak in both devices,
and an increase in the amount of charge conducted through
SII during its turn-off. The partial shoot-through causes an
increase in both turn-off losses for SI, and turn-on losses for
SII. Finally, the complete disconnection of inductor Lm allows
the evaluation of the effect of a turn-off current im = 0A. This
is not realistic in a true LLC-SRC topology, as the transformer
magnetising inductance is a finite value, but it is of interest to
evaluate the effect of a turn-off current level approaching 0A.

Fig. 5c shows the switching transition under these condi-
tions. The turn-off of SI does not start as the device is turned
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Fig. 6: a) Turn-on, b) turn-off, and c) total switching energy for
standard commercial RC-IGCTs with dead-times of 10 µs,

12 µs, and 14 µs.

OFF, as there is no current present in the device to clear
charge carriers from the n-base. Instead, the state transition
takes place only as SII is turned ON. This results again in
partial shoot-through, but the amount of charge that must be
swept out of SI is larger in this scenario, resulting in an
increased current peak and consequently increased losses in
both devices. Therefore, it is expected that the turn-off current
resulting in the minimum switching losses is the minimum
current level that allows the full transition of the IGCT during
the dead-time. If the dead-time is longer, then a lower level of
turn-off current can be used, while if the dead-time is shorter,
then a larger turn-off current will be required to complete the
sweep-out in the required time (assuming the turn-off current
is a degree of freedom during design).

Thanks to the high values of the magnetising inductor in the
test setup, the turn-off current can be carefully set by changing
the ON time of SI (or SII for turn-on). Fig. 6 displays the
turn-on and turn-off losses in the standard commercial RC-
IGCTs as a function of turn-off current and dead-time (the
leftmost part of the plot is not populated due to limitations
on the available Lm and GCT minimum turn-on time). The
exhibited trends are coherent with the expected results based
on Fig. 5. Fig. 6a shows how turn-on loss is absent as long as
ZVS conditions are maintained. Once ZVS conditions are lost,
partial shoot-through takes place resulting in turn-on loss: as
the turn-off current is reduced, there is an increasing amount of
charge that is swept-out of the junction as the complementary
device is turned ON. This results in progressively increasing

losses up to the limit case of turn-off current equal to 0A.
The longer the dead-time, the lower the turn-off current can
be while still maintaining ZVS. Fig. 6b shows how the turn-on
loss is almost linear with the value of turn-off current when in
ZVS conditions. Once ZVS is lost (to the left of the minimum),
turn-off loss also increases due to partial shoot-through, as
the resulting current spikes take place both during turn-on
and turn-off. Finally, Fig. 6c displays the total switching loss.
The figure clearly shows how, as expected, the minimum
total switching loss happens at the minimum value of turn-
off current which guarantees ZVS. This value increases with
shorter dead-time, resulting in increased minimum switching
loss, and conversely decreases with longer values of dead-time.

Applications which can allow extended duration of the dead-
time can benefit from lower total switching loss. It is also
observed that loss of ZVS, while resulting in increased loss,
has a progressive effect. There is no remarkable increase in
switching loss in the vicinity of the operating point where ZVS
conditions are lost. Operation close to the optimal point will
still result in relatively low switching loss, even if not in ZVS
conditions.

B. Effect of pre-flooding and Irradiation

The test results gathered and displayed in Fig. 6 have
determined that the optimal turn-off current level for switching
loss minimisation is the minimum current that will guarantee
ZVS conditions. However, during this phase of testing, the
maximum current conducted by the device under test never
exceeds the turn-off current level, which is very low. This is
not representative of the operating conditions in an LLC-SRC
converter, where the resonant current peak can be orders of
magnitude larger than the turn-off current value. In conducting
a significant current level, the IGCT is pre-flooded with charge
carriers which increase the charge to be swept out upon turn-
off, affecting the duration of the state transition. Consequently,
this affects ZVS conditions, as more time is required to turn
OFF the device at the same turn-off current level. Therefore,
additional tests are carried out to quantify the effect of current
pre-flooding. Here, devices Irradiated A and Irradiated B are
additionally considered, as their reduced carrier lifetime will
be shown to offer additional benefits during state transitions.

Fig. 7 displays the turn-on and turn-off energy of standard
commercial RC-IGCTs and devices with increased irradiation
levels as a function of peak conducted resonant current and
turn-off current. The dead-time is set to 14 µs and is not
changed throughout the experiments, as it is considered suit-
able for the application. The resonant frequency of the test
setup resonant tank is set to 7.35 kHz and the voltage Vi is
altered throughout the test to obtained the desired resonant
current peak. Vv is kept at 2.5 kV.

The top row of Fig. 7 displays the IGCT turn-on energy. In
ZCS conditions (Lm inductor disconnected, Ioff = 0A), turn-
on losses are present for all three devices, which is expected
since ZVS cannot be achieved. With an increase of the device’s
turn-off current, standard devices and both Irradiated A and
Irradiated B devices exhibit different behaviours. Standard
devices do not achieve ZVS switching over the whole range of
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Fig. 7: Turn-on, turn-off, and total switching energy for a) standard commercial RC-IGCTs, b) Irradiated A, and c) Irradiated
B devices. The duration of the dead-time is 14 µs and the turn-off current levels are of 0A, 3A, 6A, 9A, 17A,
and 34A.

resonant peak current Ir,pk until a turn-off current level of 17A
is reached. A lower current level of 9A is only sufficient to
maintain ZVS conditions up to 200A of peak resonant current,
resulting in turn-on losses being constant and equal to 0mJ up
to this level. The required 17A are significantly higher than
the turn-off current of 6A, which was sufficient without pre-
flooding. The turn-on energy of Irradiated A and Irradiated B
devices is significantly lower than that of the standard device,
even in ZCS conditions with Ioff = 0A. Additionally, due
to a faster turn-off and turn-on state transition, a turn-off
current of 6A is sufficient to maintain ZVS conditions over
the whole operating range for Irradiated A, while a turn-off
current as low as 3A is sufficient for Irradiated B. This can
be concluded by the absence of turn-on losses at these current
levels, signalling operation in ZVS conditions.

Coherently with their faster state transitions, increased irra-
diation devices also exhibit lower turn-off losses than standard
devices, at the same turn-off current level. The turn-off energy
of the Irradiated B is as low as half of that of the commercial
device, for an equivalent turn-off current level. Also, the
turn-off energy of all three devices exhibits different trends
depending on whether the switching process occurs in ZVS
conditions or not. In ZVS switching conditions, the turn-
off energy of the device is almost invariant over the whole
operating range. In contrast, if ZVS conditions are not met,
the device turn-off energy increases linearly with the peak
resonant current level, as the turn-off time increasingly exceeds
the dead-time of 14 µs.

The total switching energy is therefore a sum of the dis-
cussed effect on the turn-on and turn-off energy. In the absence
of ZVS, the total switching energy increases with Ir,pk, but

in ZVS conditions, it stays constant over the operating range.
To select the appropriate value of turn-off current for each
device, the worst-case loss condition is considered. For all
three devices, the larger the peak resonant current, the larger
are both conduction (evaluated later) and switching losses.
Therefore, the selected turn-off current level is the value of
Ioff for which the total switching losses at the maximum
evaluated level of resonant current are the lowest. That is to say
the minimum value of turn-off current which guarantees ZVS
over the whole operating range. For standards devices, this
level is 17A, for Irradiated A devices 6A, and for Irradiated
B devices, 3A.

This highlights how the advantage offered by devices sub-
jected to increased electron irradiation is compounded in the
context of switching loss. The devices have lower carrier
lifetime, resulting in faster switching transitions and therefore
reduced switching losses. But additionally, the faster switching
transitions allow a reduction in turn-off current while still
maintaining ZVS conditions, offering the additional benefit
of not only guaranteeing reduced switching losses at a fixed
current level, but a decrease of the optimal turn-off current
and further reduced losses as a consequence.

V. LOSSES IN TARGET APPLICATION

Having evaluated the switching losses of standard, Irradi-
ated A, and Irradiated B devices, the conduction losses can
be evaluated at different operating points.

The forward voltage of both RC-IGCTs and their antipar-
allel diodes are not evaluated in resonant operation, but by
circulating a varying level of DC current through the device.
Precision multimeters are employed for this task. The results
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Fig. 8: Loss breakdown comparing conduction loss a) and
total loss b) during 5 kHz operating with the computed ideal
turn-off current value for standard commercial devices,
Irradiated A devices, and Irradiated B devices.

of the measurement are displayed in Fig. 3b. As expected, the
higher irradiation level devices exhibit higher forward voltage
at all current levels, both for the GCT and the antiparallel
diode. By combining the devices’ forward characteristic with
current waveforms recorded in 5 kHz resonant operation, the
conduction losses of each device can be calculated. Fig. 8
displays the loss breakdown in this operating mode. Fig. 8a
shows that, as expected, conduction losses increase with the
irradiation level of the device and with the peak resonant
current level. For low resonant current levels (low load), a
higher level of irradiation is advantageous, as it results in
lowered switching losses, while conduction losses remain low
due to the low current peak level. The opposite is also true,
in that with high resonant current levels (high load), a lower
level of irradiation is beneficial as increased switching losses
are offset by an advantage in conduction loss.

In Fig. 8b the sum of the total calculated conduction and
switching loss for the three devices is presented. For all three
devices, the minimum turn-off current level guaranteeing ZVS
conditions is considered to evaluate the switching loss (3A,
6A, and 17A for standard, Irradiated A, and Irradiated B
devices, respectively). Note that the total losses of the standard
devices are significantly larger than the corresponding losses
of higher irradiation samples over all the considered peak
resonant current range. It can be then concluded that for the
considered load levels, Irradiated A and Irradiated B devices
are preferable. Nevertheless, it should be noted that already
at a peak resonant current of 500A, the total losses of device
Irradiated A (lower irradiation) are lower than those of device
Irradiated B (higher irradiation), as conduction losses become
more prevalent with the increase of circulated current. As
previously discussed, the available laboratory equipment did
not allow the testing of higher resonant current operating
points. Based on the gathered results, it is expected that
for increasing test setup loads, devices with lower irradia-
tion levels will result more favourable, as conduction losses
progressively become a significant component of overall loss
as the IGCTs operate closer to their rated current level. It
is estimated that a peak resonant current of 2.3 kA would
result in the total losses of standard commercial devices being
lower than those of Irradiated B. While this current level
exceeds the capabilities of the device, the principle remains
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Fig. 9: a) Simplified drawing of the IGCT setup stack. Only the
central two reverse conducting IGCTs are in use. The position
of the thermocouples is displayed in the drawing and in the
photo in b). The current waveforms recorded during 5 kHz
operation are displayed in c), while the sensed IGCT case
temperature (dark bar) and corresponding estimated junction
temperature (light bar) is show in d) for standard commercial
devices, Irradiated A devices, and Irradiated B devices.

that depending on application at hand (in terms of switching
frequency and nominal load) a device with a different level of
electron irradiation may be selected. Higher irradiation results
in more efficient operation at low load, when switching losses
are prevalent, and vice-versa.

VI. STEADY-STATE 5 kHz OPERATION

Finally, to prove the feasibility of high-frequency IGCT-
based resonant DCT, hour-long thermal runs of the test setup
were performed to evaluate the devices’ junction temper-
atures during operation. The device case temperature was
sensed through radio thermocouples inserted in grooves in the
heatsink, allowing the thermocouple to reach and sense the
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devices’ case temperature. Figs. 9a and 9b show the location
of the thermocouples. For steady-state operation, the turn-off
current level is set to 17A for all three tested devices due
to thermal limitations of the available equipment. This turn-
off current level is near ideal for the standard devices, but
larger than needed for both Irradiated A and Irradiated B. The
sensed case temperature and computed junction temperature
for all three devices during thermals runs is displayed in Fig.
9d. For all three devices, the peak resonant current level is
of 300A, which is the value employed for the estimation
of the junction temperatures, based on the datasheet case-to-
junction thermal resistance of 25 K

kW . The estimated losses of
the devices at this operating point are of 410W, 315W, and
280W for standard devices, Irradiated A, and Irradiated B,
respectively. The temperature of the deionised water circulated
by the water cooling unit (WCU) is kept at only 10 °C,
thanks to the heat exchange with the very cold water from
lake Geneva, which is available in the laboratory. While such
a low cooling water temperature is unrealistic for industrial
applications, it nevertheless allows to observe the junction
temperature gain over that of the WCU deionised water. Fig.
9d shows how a thermal steady state is reached in only
15minutes, and how even for standard commercial devices
there exists a very significant margin to the junction thermal
limit of 115 °C. Neglecting the effect of increased junction
temperature on semiconductor losses, in first approximation
it is estimated that a WCU temperature of up to 70 °C is
likely to be acceptable for standard devices. Higher values can
be tolerated by increased irradiation devices thanks to their
overall lower losses at this operating point.

VII. CONCLUSION

This paper has examined the the switching behaviour of
RC-IGCTs at ultra-low (<20A) turn-off current, considering
standard commercial devices and custom engineering samples
subjected to increased levels of electron irradiation. It is
concluded that an optimal turn-off current level exists at the
threshold of ZVS conditions, and that said threshold is affected
both by dead-time duration and semiconductor pre-flooding.
Larger values of conducted current result in slower IGCT turn-
off, resulting in loss of ZVS with turn-off current levels which
ensure ZVS at no-load operation. Notably, the loss of ZVS
conditions is found to increase switching loss, but the increase
of losses is progressive and not immediately destructive for
the IGCTs. Devices subjected to higher levels of irradiation
present reduced switching losses due both to their faster turn-
off, and to the lower values of turn-off current that can be
used while still maintaining ZVS conditions. The limitations
of these devices emerge as converter load becomes very high,
and increased levels of irradiation ultimately result in increased
loss due to the higher forward voltage during conduction.
5 kHz operation of RC-IGCTs is demonstrated to be feasible
with safe estimated junction temperatures. In summary, the
ZVS mode of operation with sufficiently low turn-off current
is preferred over ZCS, for the DCT topology considered in the
paper.
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