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Abstract—Recently, IGCTs have shown a great potential
for the soft-switching dc transformer applications based on
LLC resonant converter. The zero-voltage switching that is
present in this converter topology enables an operation
of IGCTs without clamping circuit and with significantly
higher switching frequencies, while maintaining the ex-
ceptionally low conduction losses. The high voltage and
current ratings of the IGCTs make them a preferred choice
for an efficient bulk power transmission. This paper shows
how gate units for IGCTs can be optimized for this soft-
switching application. It presents a simplification of the
driving topology and the design process for high switching
frequencies. This results in low power consumption and a
very small size of the gate unit. The prototype of the gate
unit is built and experimentally validated in a 2.5 kV 0.75 kA
resonant operation of the IGCT.

Index Terms—IGCT, gate unit, LLC converter, resonant,
dc transformer, soft switching

|I. INTRODUCTION

dc transformer is one of the key components to enable

future medium-voltage dc grids. A promising topology
for this emerging application is the resonant LLC converter
operated in open loop near its resonant frequency [1]-[6]. Not
only does this topology naturally offer a very stiff voltage
ratio independent of the dc transformer loading, it also pro-
vides a galvanic isolation via a compact medium-frequency
transformer (MFT) and high conversion efficiency due to zero-
voltage switching (ZVS) operation.

To transfer sufficiently high power at medium-voltage lev-
els, many researchers propose to integrate several LLC res-
onant converters into input series output parallel connected
structures (e.g. [3]). While this approach offers some ad-
vantages, such as modularity and possible redundancy, the
overall complexity is rather high, indicating lower reliability,
increased volume, and, likely, even increased costs.

In contrast, the recent research [7]-[9] has proposed to uti-
lize integrated gate-commutated thyristors (IGCTs) to enable
the power conversion with a single LLC resonant converter
stage. Such bulk power transfer is expected to achieve higher
conversion efficiencies due to power-scaling rules applying
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Fig. 1. Comparison of the size of the proposed gate unit for soft-
switching applications (right) next to the commercial gate unit for hard-
switching applications (left).

to transformers and the lowest-in-class conduction losses of
IGCTs. Moreover, the IGCTs proved to be highly reliable and
provide a possibility for series-connected redundancy as they
have a defined mode of failure as short-circuit. References
[8], [9] have furthermore shown that the application with low
turn-OFF currents and ZVS enables the operation of IGCTs
at unusually high switching frequencies of up to several kHz
and possibility to remove the clamp circuit that is otherwise re-
quired and used in all commercial products (typically variable
speed drives). Moreover, the preflooding effect, prolonging the
turn OFF in resonant application of IGBTs [10], has proved
to be significantly less pronounced for IGCTs [9].

Although the aforementioned properties make IGCTs a
preferable choice for the application in resonant medium-
voltage dc transformers, the conventional gate units (commer-
cial or prototypes) are far from optimized for this kind of
high-frequency operation. As will be shown in this paper, the
volume and the consumption of the designed gate unit can
be reduced significantly by simplifying the driving topology.
To demonstrate the size reduction, Fig. 1 shows a commercial
gate unit next to the proposed one.

This paper shows the advantages of tailoring the IGCT gate
unit for the LLC-converter-based dc transformer applications.
It proposes a new driving topology that provides a high
level of integration and demonstrates the possible optimization
of the turn-OFF channel. Moreover, a protection scheme is
implemented to prevent a shoot-through. The design and the
functions of the proposed gate unit are validated experimen-
tally, showing the key waveforms.

The rest of the paper is structured as follows: Section II
presents the specifications given by the application which
will be used as an input for the design. Section III shortly
presents the operating principles of the state-of-the-art gate

ermission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

4,2021 at 05:24:50 UTC from |IEEE Xplore. Restrictions apply.



0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE
Authorized licensed use limited to: EPFL LAUSANNE. Downloadecfon November

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/TIE.2021.3128923, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Source Inverter

MFET T
Cch éZTl i, Gl L A
a1 | MR
Cac J—I §2T2 y

Fig. 2. Half-bridge LLC converter topology employing reverse-
conducting IGCTs.
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TABLE |
PARAMETERS OF THE EXAMPLE DC TRANSFORMER
Resonant frequency fo 1.6 kHz
Switching frequency fs 1.44 kHz
DC-link voltage Ve 2.5 kV
Turn-OFF current I, 140 A
Peak resonant current %r 750 A
Dead time ToT 10 ps
Stray inductance Lg 15 uH
Magnetizing inductance Lm 1.5 mH
Resonant capacitance Cy 680 pF

units from the literature. After, Section IV shows the details
and considerations for the practical gate unit design for the
resonant dc-transformer application. The developed gate unit
prototype is tested in a target resonant operation in Section V
and in a single-pulse high-current operation in Section VI. The
conclusions are drawn in Section VIIL.

Il. APPLICATION SPECIFICATIONS

The gate unit is developed for a 68 mm gate-commutated
thyristor (GCT) applied in resonant dc transformers. A possi-
ble configuration of an LLC-converter-based dc transformer is
depicted in Fig. 2. The converter parameters for validation of
the gate unit, presented in Table I, are selected according to the
design process from [9]. Note that although the LLC resonant
converter is operated below the resonant frequency, the voltage
ratio of the dc transformer is not impacted significantly. This is
because the magnetizing-to-stray inductance ratio m = 100 is
sufficiently high and the characteristic impedance Zy = 0.15 2
is sufficiently low. For more details on this topic, please refer
to [1].

Fig. 3 shows the typical waveforms that were recorded in
the no-load and full-load operation of the resonant test setup
(presented later in Section V). As the switching frequency was
selected below the resonant frequency, the turn-OFF current
value I,g is 140 A independently of the current loading.
This value can generally be set by a proper value of the
magnetizing inductance of the MFT L,,. As the loading
increases, an increasing resonant pulse is superimposed on
the triangular current waveform. The limit for the maximum
peak current value of the resonant pulse is the maximum
allowed conduction losses and the condition for ZVS (as
the increasing resonant pulse shortens the time when the
integrated antiparallel diode is conducting). Note that the dc
transformer application of the LLC converter covers only two
operation modes of this converter often labeled as “O” and
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Fig. 3. Typical measured waveforms of an LLC resonant converter: (a)
in no-load operation, (b) in full-load operation. v, and i, represent the

voltage and current applied to the resonant tank, v1; and i1y represent
the blocking voltage and the current of the upper IGCT T1.

“PO” (represented by Fig. 3a and Fig. 3b, respectively) in the
literature (e.g. [11]). The other operation modes known for
variable-voltage applications, such as “PON” or “PN”, are not
utilized.

Observing the waveforms in Fig. 3, several specifics of this

IGCT application can be identified:

« the switching frequency is relatively high compared to a
typical hard-switched IGCT operation (kHz range vs few
hundreds of Hz)

« the turn-OFF current is constant for all operating points
and is relatively low (it is a fraction of the rated GCT
current)

« there is always a soft turn ON (typically, a zero-voltage
turn ON while the antiparallel diode is conducting)

« the di/dt of the anode current during the IGCT turn ON
or the retrigger is roughly two orders of magnitude lower
compared to a typical hard-switched IGCT operation
(below 8 A/us vs. up to 1 kA/us)

These observations will be further utilized to optimize the gate
unit. Furthermore, the gate unit should be capable of a single-
time high-current turn OFF of more than 1 kA for a case of
emergency.

I1l. STATE OF THE ART OF GATE UNITS

All gate units from the literature [12]-[17] provide the
following basic functions, where each is typically implemented
in its own dedicated hardware stage:

o turn OFF — to turn OFF the GCT and keep it OFF,
negative voltage (—20 V) is applied between gate and
cathode

o turn ON (and retrigger) pulse — to turn ON the GCT
while ensuring that all thyristor cells are uniformly acti-
vated, a high-current short pulse is injected into the gate

o backporch current — to ensure that the device remains in
an ON state, a relatively low current of several Amperes
is continuously supplied into the gate after the turn ON

If the application requires that the GCT remains in the ON
state while the antiparallel diode is conducting, a special
attention needs to be paid to the gate unit design. The reason
is that the negative voltage applied by the antiparallel diode
forces the PN junction at the transparent anode to reverse
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Fig. 4. Power-stage schematics of the gate unit designed for soft-switching application.

Anode Connection

Fig. 5. Photo of the gate unit designed for soft-switching application.

avalanche and the intrinsic gate-to-anode diode opens, which
in turn drives the gate-to-cathode voltage v, negative. This
effect has been considered and studied in e.g. [12], [13], [17].
In gate units, this occurrence is usually coped with by adding
an additional stage that reduces the gate current by dissipating
the energy in the gate unit [12], [17]. After the current
of the antiparallel diode becomes lower (its voltage drop
becomes lower), the PN junction near anode starts blocking
and the voltage becomes positive. To ensure that the GCT is
homogeneously ready to take over the current again a so-called
retrigger pulse, similar to the turn-on pulse, is applied to the
gate. Reference [13] proposes a different approach to cope
with negative gate voltage without the necessity to dissipate

ublication/redistribution requires IEEE

the energy on the PCB. However, the ON channel is supplied
by a dedicated floating power supply, which increases the
complexity.

While the IGCT technology, including the gate units, proved
to be robust and reliable in many field applications, the gate
units are often criticized for their size, that poses practical
restriction on the mechanical design of the stack, and their
high power consumption (up to 130 W [18]) compared to that
of IGBT drivers, that has to be covered by a floating power
supply isolated for medium voltages.

V. GATE UNIT IMPROVEMENT AND DESIGN

The central idea of the improvement for the gate unit is
to utilize the advantageous properties of the LLC converter
topology: Since the turn-OFF current is lower, the turn-OFF
channel can be reduced in capability. Furthermore, since the
application guarantees soft switching for the turn ON with
a very low di/dt, the turn-ON and retrigger pulses can be
reduced in the magnitude. The feasible reduction depends on
the exact GCT technology and should be discussed with the
semiconductor manufacturer. In the developed gate unit, the
turn-on pulse current peak was reduced four times and the
retrigger pulse peak two times compared to typical values.

As a consequence, the turn-ON stage, retrigger stage, back-
porch stage, and reduced backporch stage (for coping with
negative gate voltage) can be merged into a single ON stage
and the size-dominant OFF channel (typically covers the most
of the PCB area) can be significantly reduced.

The resulting gate driver topology is depicted in Fig. 4. The
particular stages are marked on the photo of the resulting gate
unit in Fig. 5. The logic and the control are implemented on
the low-cost Xilinx Spartan 6 SLX4 FPGA. In the following
subsections, the particular functionality of the stages is ex-
plained and their design is studied.

A. Turn-OFF Channel

The turn-OFF channel has a simple task to connect the
gate to -20 V voltage potential to discard the charge from
the gate in order to turn OFF the GCT. During the turn-OFF
process, the load current is completely commutated into the
gate driver for the GCT to restore its blocking capability. As a
consequence, the -20 V bus has to be buffered by a sufficiently
high capacitance Cog.
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There are two scenarios that have to be considered for the
design of the turn-OFF channel: the typical low-current turn
OFF applied at high frequency and the single-time emergency
turn OFF.

The minimum required capacitance

Qoff
AUcofm

can be determined, as described in [16], by the worst-case
electrical charge that is extracted from the gate during the
turn OFF Qg and by defining the maximum voltage decrease
on the capacitors AUgog during the turn OFF. Assuming the
worst-case charge to be Qo = 5 mC and the maximum
allowed voltage decrease to be 10 % of the rated voltage
(AUcor = 2 V), the required capacitance is Cof min =
2.5 mF, which is used as a target for the design. The value
of the worst-case electrical charge was selected by adding an
additional margin to the value of 3.5 mC that was characterized
from the measured gate current for a 2 kV 1.5 kA turn OFF of
5.5 kV GCT at 25 °C (the details and waveforms are presented
later in Section VI).

Additionally, (1) can be transformed to determine that
the voltage decrease at rated operation of the resonant dc
transformer is AUgo = 0.2 V (Qof = 0.5 mC characterized
for 2.5 kV 140 A turn OFF and Cyg = 2.5 mF). This value
is sufficiently low to ensure that the turn-OFF duration is not
impacted and that the turn OFF at the rated operation is robust.

To select the capacitors for the turn-OFF channel, the rated
rms current has to be determined (this is practically defined by
the turn-OFF behavior). At the considered 1.44 kHz operation,
the rms current caused by the turn OFF was characterized to
be 11.5 A.

In the literature, the capacitor Cog is typically implemented
using electrolyte aluminum capacitors [14], [17], [19] or the
ceramic chip capacitors [13], [16], [19]. While the electrolyte
aluminum capacitors have clear cost advantages, they are
rather bulky, have high stray inductance, and allow for only
low rms currents, which leads to typical high number of
parallel-connected capacitors that populate large area of the
gate unit. In contrast, the ceramic capacitors allow for very
high rms currents but have typically lower values of capac-
itance that further decreases with applied direct voltage. As
a consequence, the solutions based on this technology are
often costly and target minimum possible capacitance [13],
which might impact the turn-OFF capability of the gate unit.
In this paper, the polymer tantalum capacitors are selected as
the technology, since these pose a trade-off between the two
aforementioned technologies, allowing for higher capacitances
while remaining small in size. In practical realization, 25 of
100 uF 25 V 1.9 A capacitors T55D107M025C0060 were used
in parallel to achieve the required capacitance.

The switch S is realized as six parallel low-profile MOS-
FETs Infineon BSCO34NO6NS with worst-case ON resistance
of 3.4 m{2 each, which leads to almost negligible losses in the
rated operation (= 75 mW). This high number of switches was
selected to reduce the stray inductance of the turn-OFF channel
and to provide the single-time turn-OFF capability of high
current as each of these MOSFETs can conduct up to 450 A

D

Coff,min =

Backporch <0

/ Backporch vg >0
[ OFF ]—»[ Turn ON v Retrigger

Fig. 6. Simplified finite state machine showing operation states of the
gate unit.

for the duration of 10 ps. Despite the possibly nonuniform
distribution of the gate current, this should guarantee a turn-
OFF capability of the gate unit of at least 2 kA.

In the photo of the gate unit in Fig. 5, it can be recognized
that the MOSFETs and capacitors are placed in a close
proximity of the GCT to minimize the stray inductance which
is essential for the high-current turn-OFF capability [19]. The
turn-OFF channel was not placed closer to comply with the
existing mechanical constraints of the utilized stack. The lower
part of the turn-OFF channel in the picture is the driving circuit
for the MOSFETs.

B. ON Stage and Control Thereof

In order to be able to control the gate current for both
positive and negative gate voltages in one converter stage,
the ON stage has to be capable of generating both positive
and negative voltages, leading to at-least two-level converter
topology. However, since the gate voltage in the ON state
of the GCT is typically around 1 V, the two-level converter
topology would lead to a near 50 % duty-cycle operation
during backporch current supply, which would in turn require
relatively high switching frequency to keep the gate-current
ripple low. Hence, we propose to implement a three-level T-
Type NPC topology to provide three levels at the output and to
utilize a nonlinear inductor to enable fast transients during the
turn ON and slow transients during the backporch operation.
The resulting topology of the ON stage is depicted in Fig. 4.
Based on the voltage v,y,, three switching states “-20V”, “0V”,
and “+20V” are defined for the NPC stage, correspondingly.

To understand the functioning of the proposed gate unit
(and the ON stage), the simplified finite state machine from
Fig. 6 can be used. The complete control is implemented in the
FPGA and the decisions are based on the comparator value of
the gate voltage v, (two states: positive or negative voltage)
and a measurement of the ON-stage current ¢, based on a
shunt and a current-sense amplifier. Note that the current is
not measured by an ADC but instead the amplifier output
is connected to two comparators that are connected to two
independent DAC channels. This way, the current crossings of
values defined by the controller can be determined precisely
and fast.

In the “OFF” state, the OFF channel is active (switch Sg
is on) and thus the output of the ON stage is tied to -20 V
potential to ensure that the current ¢,,, does not increase. This
state is held until the IGCT control signal does not request a
turn ON via optical fibre (leading to a transition to “Turn ON”
state in Fig. 6).

In the “Turn ON” state, the OFF channel is not deactivated
immediately but first it is actively used to build up the current
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in the inductor L, together with the ON stage. By applying
the “+20V” or “OV” switching state of the NPC stage, the
voltage drop of 40 V and 20 V over the inductor L, is
generated, respectively [see Fig. 4]. The combination of these
states within the turn-on delay of 3.5 us is selected to build up
a current ¢,, = 40 A in the inductor. After the turn on delay is
over, the turn-OFF channel is finally deactivated (switch S,
is OFF) and the inductor current is rapidly commutated into
the gate, generating the turn-ON pulse. After that, the “0V”
switching state is activated to decrease the gate current to its
backporch value when the gate voltage v, is measured positive.
When the gate voltage is negative, the “-20V” switching state
is applied to ensure that gate current decreases after the initial
pulse (this is a sign that the antiparallel diode is conducting).
After the gate current has reached the desired backporch cur-
rent value, the backporch operation state is activated (transition
from “Turn ON” to one of the “Backporch” states based on
vg polarity in Fig. 6).

In the backporch operation, the current is controlled by the
fixed-ON-time hysteresis-control method utilizing one com-
parator to ensure the desired gate current level. When the gate
voltage is positive, “4+20V” switching state has a fixed period
and the duration of “OV” switching state is determined by
the comparator. Conversely, when the gate voltage is negative,
“-20V” state has a fixed period and the duration of “OV” state
is determined by the comparator. Note that during the positive
gate voltage, the “fixed” ON-time period is slowly adaptively
changed to track the desired switching frequency of 200 kHz.

When the gate voltage becomes negative during the “back-
porch vy > 0 state, the backporch operation is simply con-
tinued with different switching states. However, when the gate
voltage becomes positive during the “backporch vy < 0” state,
a transition via a retrigger pulse is made. This is generated
by applying the “+20V” switching state until the gate current
reaches roughly 38 A. After, the current is slowly decreased
using the “OV” switching state. Once the gate current has
dropped sufficiently, the backporch operation is continued.

The transition to the “OFF” state is initiated by the IGCT
control signal.

One of the particular challenges in the design of the ON
stage is to decide on the value of the inductance for the induc-
tor Loy . On the one hand, the inductance should be sufficiently
high during the backporch operation to ensure that acceptable
ripple can be achieved without too high switching frequency
(at switching frequency of 200 kHz, the required inductance
is around 5 pH to achieve acceptable gate current ripple). On
the other hand, the inductance should be sufficiently low to
ensure a fast ramp up of the gate current to generate the turn-
ON pulse and the retrigger pulse. The solution to this problem
is to utilize a nonlinear saturable inductor that decreases its
inductance with increasing currents.

To simplify the gate unit production, numerous commer-
cially available inductors were characterized outside of their
designed operation area to find one with a desirable nonlinear
characteristic:

« the inductance has to be near the target value of 5 uH up
to approx. 8 A which is the highest backporch current,

Inductance (uH)

O = N W A W

S

10 20 30 40 50
Current (A)

Fig. 7. Characteristic Lon(ion) Of the inductor selected for the ON
channel.

o the inductance at high currents should be as low as
possible to allow for fast increase of the current, while
« the inductance has to drop continuously to ensure similar
turn-ON-pulse current peak for temperature variations
and production tolerances.
Additionally, the inductor should have low winding resistance
to omit hotspots on the PCB. Based on these requirements,
inductor Wiirth Elektronik 7443551470 was selected as a
sufficiently good fit for the application (a better results would
be possible only with a custom inductor design). The measured
characteristic of this inductor is plotted in Fig. 7. The appli-
cation of nonlinear inductor not only increases the dynamics
of the current transients but also reduces the energy that is
stored in the inductor, which is directly linked to the size of
the inductor and to the loading of the voltage doubler stage.
Note that in contrast to the typical gate unit operation
[12], [13], [17] where the backporch current is reduced when
the gate voltage becomes negative, the backporch current is
increased to 9 A in the proposed gate unit in order to accelerate
the build up of the retrigger pulse. This is possible because the
excessive energy during this kind of operation is not dissipated
but it is recuperated into the capacitor Cog-.

C. Power Supplies

The gate unit is to be supplied from an isolating power
supply with an input voltage range from 25 V to 40 V. Since
the main power flow is expected to be via the turn-OFF
channel, the main power supply is designed to directly supply
the voltage bus for this channel. All other voltages on the
gate unit are derived from this bus (that is buffered by a high
capacitance Coyg).

As can be seen in Fig. 4, the main power supply is
implemented as a simple buck converter that generates the
voltage bus from O V potential to —20 V potential. The
converter is controlled by a dedicated IC with an integrated
overcurrent protection at switching frequency of 400 kHz.

Since the ON channel requires also +20 V bus, a resonant
voltage doubler topology, as introduced in [20], is applied to
generate it. The doubler is controlled by an FPGA in the open
loop at 50 % duty cycle. The switching frequency of 350 kHz
was selected to be sufficiently below the resonant frequency
(ranging from 372 to 480 kHz due to tolerances) to ensure
zero-current switching. The resonant voltage doubler is started
up by an increasing frequency sweep.

Furthermore, there are several auxiliary power supplies
implemented on the PCB to supply the MOSFET drivers, the
FPGA, and the analog circuits.
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Fig. 8. Experimental test setup for resonant testing of IGCTs: (a)
schematic (b) photo.

D. Additional Functions and Safety Features

As mentioned before, the communication with the driver is
realized via one bidirectional fibre-optic channel (for receiving
the switching signal and sending internal status of the gate
unit). Additionally, a second bidirectional fibre-optic channel
is added to interlock the gate units in a case of an error or a
failure.

The ensure a safe operation, all voltage buses are supervised
by dedicated comparators and an anode-voltage measurement
(via external 5 M) resistor connected via connector labeled
as “Anode Connection” in Fig. 5) is implemented to detect an
overvoltage. Moreover, it is detected whether the voltage has
become high after the turn OFF. Since in the ZVS operation,
the voltage becomes high after each turn OFF, an absence
of the voltage likely signifies a failure of the GCT (this
information is distributed by the second fibre-optic channel
to protect the other GCT from shoot-through). This protection
method is possible because IGCTs fail exclusively in short-
circuit.

V. VALIDATION IN RESONANT OPERATION

To validate the capability of the IGCT gate unit that
was designed for the resonant dc transformer applications, a
dedicated resonant IGCT test setup that was presented in [9]
was utilized [see Fig. 8]. While this test setup does not process
power, it forces the same working conditions on the IGCTs
as the dc transformer based on LLC resonant converter that
is depicted in Fig. 2 and can be used to perform the long-
time continuous tests. In the setup, the low-current medium-
voltage power supply generates voltage V. that determines
the triangular magnetizing-current component together with
the inductor L,. A high-current low-voltage power-supply v},
excites the resonant tank in order to build up the required
resonant peak current. The relevant parameters are summarized
in Table I and the gate unit is fitted with a 5.5 kV 900 A
reverse-conducting GCT ABB 5SHX 1445H.

The waveforms resulting from the resonant operation are
plotted in Fig. 9, showing the gate voltage v, the ON stage
voltage vy, the gate current ¢, the anode-to-cathode voltage
v, and the anode current 77 of the instrumented IGCT. Note
that the gate voltage in the third graph is a detail view of the
first graph. The gate current i, was measured by four miniature
Rogowski coils PEM CWT Ultra-mini positioned around the
four gate connections of the GCT. For better readability of the

graphs, all waveforms were filtered by a high-order 5 MHz
low-pass filter in the post-processing. Furthermore, the offsets
of the Rogowski coils were removed manually.

In Fig. 9b, the gate unit functioning during the full load
operation can be observed. At the beginning, the driver keeps
the GCT OFF by forcing gate voltage to vy = —20 V. Once
the turn ON command is obtained, the ON stage voltage v,y
is first increased to 20 V and later to 0 V to build up the
current in the inductor L. After the turn-ON delay of 3.5 s,
the OFF-channel is deactivated, and the inductor current is
commutated into the GCT’s gate. After, the ON-stage voltage
is kept as v,, = 0 V until the gate current i, naturally
decays to ~ 6 A. Subsequently, the backporch operation is
activated to actively control the gate current at this current
level with two voltage levels (v, is either 20 V or 0 V) with an
approximate switching frequency of 200 kHz. When the turn-
OFF command comes, the negative voltage is applied again
(Vg = Von = —20 V) which transiently results into a high
negative peak of the gate current until the GCT successfully
turns OFF.

During the no-load operation, displayed in Fig. 9a, the
situation is slightly more complex for the gate driver. While the
initial steps during OFF state and the turn ON are identical to
the full load operation in Fig. 9b, the negative current through
the antiparallel diode in the no-load operation forces the PN
junction near anode of the GCT to avalanche break which
results into the negative gate voltage. As can be seen in Fig. 9a,
once the gate unit recognizes that the gate voltage has become
negative, the ON-stage voltage is set to v,, = —20 V until
the gate current decreases to the required backporch value
of 9 A. After, the current is actively controlled by the ON
stage by the two voltage levels —20 V or 0 V. When the
gate unit recognizes that the gate voltage approaches zero,
the retrigger gate-current pulse is generated by applying an
ON-stage voltage of v,, = 40 V until the required current
value is reached. As can be seen, this pulse is sufficient to
close the intrinsic gate-to-anode diode within the GCT and
the gate voltage becomes v, ~ 1 V. After the current pulse
has decayed, the backporch operation for v, > 0 is entered as
in the full-load operation.

Fig. 10a and Fig. 10b show the detail of the turn-OFF
transient for both no-load operation and full-load operation,
respectively. The waveforms represent the zoomed in and
unfiltered version of the waveforms from Fig. 9. These
waveforms show that after a short reverse recovery peak of
~ 400 A, the GCT current iy = 140 A is completely
commutated into the gate unit before blocking voltage can be
built up. Furthermore, a mild preflooding effect in the GCT
can be observed, as the turn-OFF delay is slightly longer in
the full-load operation than in the no-load operation.

To validate the thermal design of the proposed gate unit, a
thermal picture of the stack, displayed in Fig. 11, was taken in
a continuous operation. In Fig. 11, it can be recognized that the
overall temperature of the driver is relatively low (around 35 to
50 °C) with only two hotspots of 66.4 °C at the inductor L,
(due to the relatively high winding resistance) and 70.6 °C at
the current-measuring shunt. In summary, the temperatures can
be described as safely low, considering that there is no forced
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Fig. 9. Experimental validation of the gate driver in the resonant operation that emulates conditions of a dc transformer application: (a) no-load
condition (b) full-load condition. All waveforms were filtered by a high-order 5 MHz low-pass filter in post-processing and the offsets of the Rogowski
coils were removed manually. The gate voltage v in the third graph is the detail view of the gate voltage from the first graph.
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Fig. 10. Detail of the experimental waveforms from Fig. 9 showing
the turn OFF detail: (a) no-load condition (b) full-load condition. The
waveforms are unfiltered.

cooling of the gate unit in the cabinet, the room temperature
was ~ 30 °C, and the case temperature of the GCT is 50 °C.

The long-time continuous operation of the test setup without
any current-crowding failures further confirms that the de-
creased magnitude of turn-on and retrigger pulses is sufficient
for the given application.

Finally, the consumption of the gate unit was measured
to be ~ 24 W, which is a fraction of the rated power of
commercial drivers in hard-switched operation (consumption
up to 130 W [18]). As a consequence, not only the gate unit
size can be reduced but the size of the input power supply,
providing isolation for medium voltage, as well. Furthermore,

Fig. 11. Steady-state thermal picture of the gate units after 20 minutes
of continuous operation at rated voltage and turn-off current.

the consumption measurement was repeated also for the com-
mercial gate unit, designed for hard-switched applications and
depicted in Fig. 1 left. Under the same soft-switching operating
conditions, the measured consumption was ~ 31 W, which is
significantly higher compared to the designed unit, despite the
fact that the commercial unit has an external main supply (and
thus, its consumption is expected to be even higher). Hence,
it can be concluded that the designed gate unit, tailored for
soft switching, is more efficient in the target operation than
the commercial one.

VI. HIGH-CURRENT TURN-OFF VALIDATION

To validate the single-time turn-OFF capability for high
currents, a single-pulse setup was built around a hydraulic
press (providing pressure to the stack), consisting of one IGCT,
one diode, a 200 pF dc-link capacitor, and a 100 puH air-
core inductor. Fig. 12 shows the schematic and the picture of
the setup. Before each experiment, the capacitor is precharged
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Fig. 12. Utilized single pulse setup for high-current turn-OFF capability
tests: (a) schematic (b) photo.

to the desired voltage level by a low-current medium-voltage
power supply. To demonstrate high turn-OFF capability of the
gate unit without risking a possible destruction of the GCT,
the unit was fitted with a 5.5 kV 1.6 kA GCT from ABB (now
Hitachi Energy) that allows for higher currents. (Since this
GCT has generally higher switching losses, it is not suitable
for the resonant operation.)

The results of the experiment can be seen in Fig. 13, show-
ing the IGCT turn OFF at 2 kV and 1.5 kA. The waveforms
clearly demonstrate the capability of the gate unit to provide
the single-time emergency turn OFF for high currents (a suffi-
ciently long period has to be applied to recharge the capacitors
before the next turn ON can be applied). The observable
discharge of the capacitor bank Cyg is only Aveceg =~ 1V,
which is in agreement with the expectations. Moreover, the
stray inductance of the turn-OFF channel

VCoff — Ug o 6 V
dig/dt  5.05 kA/ps

could be identified as a function of the initial rate of rise
of the gate current digz/d¢ directly after turn OFF and by
assuming that at the beginning, the voltage of the OFF-channel
capacitor Cog stayed constant: voog = 20 V. This value can be
considered as very low, when compared to the stray inductance
of 1.1 nH of significantly larger commercial gate unit for 4 kA
IGCTs [15].

=1.19nH (2

Lstray ~

VIl. CONCLUSIONS

This paper has presented an IGCT gate unit design op-
timized for soft-switching dc-transformer application. The
application specifics were presented together with the con-
siderations during the design. The feasibility of the gate unit
design was confirmed by an experimental validation with a
GCT under resonant conditions.

The paper clearly demonstrates that in this application,
several functions can be integrated into a single turn-ON stage
with reduced turn-ON-pulse and retrigger-pulse capabilities.
These pulses can be reduced in magnitude as the di/d¢
of the current after turn ON is limited by the application
and thus, the thyristor cells have significantly more time to
uniformly open. Furthermore, the turn-OFF channel can be
reduced as well, since in the resonant operation, only very
low currents are turned OFF. As a consequence, both the

Vr kV)
i (kA)

0 2 4 6 8 10
Time (us)

Fig. 13. Test of high-current turn-OFF capability of the gate unit
measured at a single-pulse testbench, showing an IGCT turn OFF at
1.5 kA and 2 kV.

size of the proposed gate unit and its consumption can be
reduced compared to the commercial gate units designed for
hard-switching applications.
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