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An LLC series resonant converter presents a viable opportunity for the realization of a DC solid-state transformer.
As the DC-based power system increasingly garners the attention of academia and industry, the need for reliable, eco-
nomical and efficient voltage transformation with galvanic isolation has emerged. The integrated gate-commutated
thyristor (IGCT) is an attractive switch for such implementation because of its advantages over the insulated gate
bipolar transistor, namely the lowest conduction losses in the class. This work shows that the IGCT can be easily
implemented as a switching element in a resonant converter without the need for the protective clamping circuit. Reso-
nant switching operation is demonstrated and supported by experimental data, and high efficiency is confirmed at high

switching frequencies.
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1. Introduction

DC-DC high power conversion in medium voltage appli-
cations posses significant challenges that are currently being
addressed both in academia and industry. With the prolifer-
ation of High Voltage Direct Current (HVDC) transmission
networks in recent times, natural question of converting the
existing Alternating Current (AC) distribution networks to
Direct Current (DC) distribution arises. Nowadays, HVDC
transmission stops at a substation where it is converted to
AC for further transmission and distribution, introducing the
bulky 50/60 Hz equipment and components. Key missing el-
ements for a full system transformation from AC to DC are
reliable DC breakers for protection of the equipment dur-
ing faults and DC transformers for efficient and reliable volt-
age transformation and galvanic insulation between different
voltage levels.

The two topics, DC breaker and DC transformer are in
the focus of worldwide research with more and more atten-
tion arising in industry through pilot projects and cooperation
with academia "®. Steady pace research shows the promis-
ing results in the area of increasing the power transfer capac-
ities by conversion of existing power network to DC while
lowering the footprint of the supporting substations by using
more efficient power electronics equipment “.

Significant results have already been presented regarding
the HVDC to Medium Voltage Direct Current (MVDC) trans-
formation with a Modular Multilevel Converter (MMC) at
the heart of the solution®. Further distribution requires
MVDC to MVDC and MVDC to Low Voltage Direct Current
(LVDC) transformation as the system gets closer to the load.
Practical implementation for larger system conversion is still
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far away but more specific and closed systems are already
considering the DC as the backbone for the power transfer.

One of the most fertile grounds for the MVDC applica-
tion is the marine sector ®®, where the standards, defining
preferred network topologies and voltage levels, are already
available. Industry is supporting this paradigm change that
offers efficient fuel utilization on the ship, lower count of
equipment elements, smaller footprint and less weight. An-
other application of MVDC is found in high power wind and
solar power plants @ where DC collection offers the op-
portunity for unmatched power plant efficiency.

In the area of MVDC transformation, two variants of
the high power DC-DC converter topologies are most com-
monly found and discussed in literature: Dual-Active Bridge
(DAB) """ and LLC Series Resonant Converter (LLC-
SRC) ™ Their respective half-bridge variants are pre-
sented in the Figs. 1(a) and (b). Even though DAB has one
element less than the LLC-SRC, LLC-SRC is chosen for the
further analysis because of the advantages that it offers over
the DAB configuration:

® Quasi sinusoidal resonant tank currents

¢ Natural soft-switching of the semiconductors

® Absence of the need for tight regulation of the output

voltage

In both topologies Insulated Gate Bipolar Transistor
(IGBT) as a switching element is dominantly used. Be-
ing an industrial standard semiconductor switch of choice, it
is available in various ratings and packages, optimized for
different applications. Its alternative in the medium volt-
age power electronics can be found in the Integrated Gate-
Commutated Thyristor (IGCT), another mature technology
based on thyristor structure and optimized for high current
applications "9,

IGCT, being exclusively a press-pack device, is meant for
heavy duty applications and can easily find its role within
the DC transformer world. Having the thyristor structure,
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Fig.1. Two popular isolated DC-DC converter topolo-
gies with an RC-IGCT as a switching element a) dual-
active bridge b) series resonant converter

it is advantageous over the IGBT regarding the conduction
losses ", From the point of switching energy losses, turn-
on losses of the IGCT are negligible and omitted from the
datasheets, while the turn-off losses are relatively similar to
those of IGBT. It should be noted here that IGCT’s rate of
current change during turn-on cannot be controlled through
the gate as in case of the IGBT but only through addition of
an external inductor for this purpose. In the hard switching
applications, IGCT is always accompanied by the clamp cir-
cuit (shown in Fig. 4 and discussed in more details later in the
paper) that protects the free-wheeling diodes against exces-
sive di/dt at IGCT’s turn-on and since the clamping inductor
takes over the full DC-link voltage, IGCT turns on with prac-
tically zero voltage at its power terminals. As a consequence,
turn-on losses are negligible.

Looking at the physical properties of the IGCT, Fig. 2(a), it
is noticed that it is made of one circular wafer with GCT fin-
gers evenly distributed over the surface of the device. Press-
pack IGBT device cannot be made in this way but instead, a
number of rectangular dies are spread over the circular sur-
face of the package, Fig.2(b), which is disadvantageous in
terms of thermal contact to the case when compared to the
IGCT. This is the reason why, for the same package size,
Rip(j—c) 1s usually lower for the IGCT.

Having all the advantages in mind, it would be beneficial
to test the applicability of the IGCT in the LLC-SRC config-
uration. This type of DC transformer offers an opportunity of
a bulk power transfer, medium frequency operation, galvanic
isolation between input and output and increased reliability.

The main contributions of this paper are related to imple-
mentation of the IGCT switching device in the LLC-SRC
topology for the DC transformer implementation together
with the technical challenges for such an application and

(b)

Fig.2. a) IGCT wafer constuction®” b) Internal con-
struction of the press-pack IGBT ®

experimental data to support the claims. Required design pa-
rameters, such as turn-off delay time tpopr and turn-off en-
ergy losses E,y, are identified and their design importance
explained. The parameters are experimentally obtained and
later used for demonstration of the continuous operation in
LLC-SRC mode. Switching of the IGCT without the clamp-
ing circuit is also demonstrated and validity of the IGCT res-
onant operation proved.

Paper is structured in a way that Section 2 presents the ba-
sic LLC-SRC operation and the requirements for the safe op-
eration of the IGCT based half-bridge. Basic clamp circuit
role and operation in hard-switching applications is described
in Section 3, providing the explanation why is the the clamp
circuit not necessary in the LLC-SRC application. Section 4
introduces laboratory test setup, designed and assembled for
the testing purposes of the IGCT switches. The biggest por-
tion of the paper is taken by the Section 5, which contains
the experimental results and discussion regarding the reso-
nant pulse testing in Subsection 5.1, and continuous resonant
operation in Subsection 5.2. Conclusions are presented in
Section 6.

2. LLC Series Resonant Converter

Basic circuit for LLC-SRC analysis is presented in
Fig. 3(a). Resonant capacitor Cg is in series connection with
resonant inductor Lg which can be implemented as a discrete
component or integrated into the leakage inductance of the
Medium Frequency Transformer (MFT). Magnetizing induc-
tor Ly, is connected in parallel to the MFT and simulates its
magnetization inductance. Input half-bridge is realized using
a series connection of two Reverse Conducting IGCTs (RC-
IGCTs), S| and S,, while the output half-bridge consists of
two diodes, D and D;. Such a configurations allows for the
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unidirectional flow of energy; if a bidirectional flow is re-
quired, the output half-bridge diodes can be replaced by two
RC-IGCTs. RC-IGCT is the semiconductor switch having
the anti-parallel diode integrated on the same wafer with the
IGCT, all in one press-pack type of package.

LLC-SRC in the Fig. 3(a) operates with the switching fre-
quency lower than its resonant frequency. This kind of op-
eration allows the IGCT to turn-off at the same value of the
turn-off current, regardless of the load. Constant turn-off cur-
rent is essential requirement for keeping the turn-off energy
losses at minimum throughout the operation of the converter.

Switching frequency is lower but close in value to the res-
onant frequency, in order to keep the output voltage of the
converter stiff for wide range of load without implementing
any control action. Typical load dependent transfer character-
istics of the LLC-SRC are shown in Fig. 3(b), where a range
of negligible output voltage variations (load independent op-
eration) can be identified in the near vicinity of a resonant
frequency. Normalized transfer characteristics in Fig. 3(b)
are obtained using the first harmonic approximation method,
described in * and applied for the circuit in Fig. 3(a).

Figure 3(c) shows some typical current and voltage wave-
forms during the normal operation of the LLC-SRC and from
the same figure, zero-voltage turn-on can be identified. Elec-
trical current of the resonant tank is the sum of the magne-
tizing current of the MFT and resonant current. Switching
frequency being lower than resonant makes the current in the
resonant tank, right before the S is turned off, equal to the
magnetizing current of the MFT. S is conducting this cur-
rent and after the S| turns off, current is immediately com-
mutated to the anti-parallel diode of the S, with its IGCT still
in the off-state. Turning off of the S; reverses the polarity at
the input of the resonant circuit, triggering a new resonant
half-cycle in the circuit. Sum of the resonant and magnetiza-
tion current now flows through the anti-parallel diode of S,
producing a low voltage drop across the IGCT, reverse bias-
ing it. This current is the negative part of the S, current in
Fig.3(c). For the successful zero-voltage turn-on of the S,
IGCT, a turn-on pulse should be released during the period
of its diode conduction. IGCT is then ready to take over the
resonant tank current and does so at practically zero voltage
drop at its terminals because the resonant tank current crosses
zero at this point, making the voltage drop of its anti-parallel
diode practically zero.

Turn-off of the S at the above instant is a hard turn-off
and by tailoring the magnetizing inductance of the MFT, the
value of the turn-off current can be defined and kept constant

(b)
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a) Half-bridge LLC-SRC b) LLC-SRC transfer characteristic ¢) LLC-SRC characteristic voltage and cur-

throughout the LLC-SRC operation (turn-off current is load
independent). Turn-off energy losses are directly propor-
tional to the value of the turn-off current and can be kept at
minimum by choosing the lowest possible turn-off current for
the design, which does not compromise soft-switching dur-
ing turn-on. On the other hand, the duration of the turn-off
process of the IGCT is inversely proportional to the turn-off
current and prolongs as the current drops. Knowledge of the
turn-off duration is essential for the proper selection of the
required dead-time - fp. Manufacturer’s datasheet defines
the parameter tpoprp, turn-off delay time, as the period be-
tween moment of optical signal at the input of the IGCT’s
gate driver going low and moment when the anode current
falls to 40% of the starting value. It is usually given as one
number for the worst case hard-switching scenario.

Having the described limitations in mind, dead-time re-
quirement can be expressed as:

IDOFF < Ip < EDOND - tt rrrrrmrresmmeeeanneess (1)

where tpopp is turn-off delay time and fpcyp is the anti-
parallel diode conduction time (negative current period in
Fig. 3(c)). Diode conduction time can be evaluated from the
expression of electrical current flowing through the switch
during this period and is a sum of resonant tank and magne-
tizing current:

is (1) = Loy sin(w,t) + Ao fot — Logp-vvvvveeeveens 2)
under the condition that:
G (EpEND) = 0 v v v eree et e (3)

Given Eq. (3) does not have an analytical solution and nu-
merical methods can be used in its evaluation. First order
approximation will be used here and the approximate expres-
sion for the diode conduction time is given by the Eq. (4),
where 1,5 is the IGCT turn-off current, I,,, is the amplitude
of the resonant current, f;,, and f, switching and resonant fre-
quency respectively.

Loy
410ﬂfsw + 27rlrmfr

Dependency of the turn-off delay time with the turn-off
current is not available in the IGCT datasheet and is evalu-
ated experimentally. Results are shown further in the paper.

3. IGCT Clamp Circuit

As mentioned earlier, hard-switching application of IGCT

...................... 4)

IpcND =
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involves the usage of the clamp circuit as shown in the Fig. 4.
Rate of change of the current when the S turns on cannot
be controlled the means of gate driver resistance as in IGBT,
but, for IGCT, it is limited only by the external circuit param-
eters. At the turn-on moment of S |, anti-parallel diode of S,
turns off (positive output current assumed) and as it cannot
withstand infinite di/dt at turn-off, an external inductor L¢y,
is added between the DC-link and the half-bridge to limit the
di/dt to the acceptable level.

The rest of the clamp circuit elements are there to help with
the turn-off of §;. Absence of these would cause fatal over-
voltage spike at IGCT’s terminals since L is relatively high,
discrete inductance added in the circuit. After the current
commutates from S| to S, magnetic energy accumulated in
the clamp inductor transfers to the clamp capacitor, charging
it to the voltage level higher than the DC-link but still within
safe operation limits of the switch. Resistor R, enables dis-
charge of clamp capacitor’s, C¢y, electric energy back to the
DC-link, recuperating a part of the magnetic energy stored in
the L¢r. The process is symmetrical for the switch S .

Additional positive impact of the L is that it enables zero
voltage turn-on of the IGCT by taking over the full DC-link
voltage until the switch takes over the current. This way the
turn-on energy losses of the IGCT become practically zero.
Ly plays an important role in the case of the short circuit of
the at the output of the converter bridge, limiting the short
circuit current and its rate of change, providing more time for
the protection to react.

Provided that the main role of the L¢; is to limit di/dt for
the anti-parallel diodes, question arises if this inductor is nec-
essary in the case of LLC-SRC. Figure 3(c), showing the typi-
cal current stress of the switches during the normal operation,
suggests a low di/dt stress on the diodes at their turn-off. The
value for the rate of change of current can be estimated by
differentiating Eq. (2) and finding its maximum, which is at
moment ¢ = 0 - right after the current is commutated from
the IGCT.

di

_ = 27T1rmfr+4loﬁfsw ....................... (5)
dt max

For the example waveforms presented in Fig.3(c), the
maximum diode di/dt is 14 A/us, which is the order of mag-
nitude lower than the requirement found in the datasheet of
the device used in the test setup (285 A/us max di/dt). This is

eI 1

Fig.6. Connection diagram of the test setup when used
resonant pulse and continuous resonant operation tests

the huge margin for the variation of resonant/switching fre-
quency, as well as the turn-off and the maximum resonant
current, practically ensuring the clamp-less operation of the
IGCT bridge.

4. Test Setup

In order to test the behavior of the IGCT switches under
the resonant operating conditions, dedicated test setup was
designed and built. Fig.5 shows the multifunctional labo-
ratory test setup used to perform the double pulse, resonant
pulse and continuous operation tests on the IGCT switching
devices. Connection diagram used for the resonant pulse test
as well as for continuous resonant operation test is shown in
the Fig. 6. The water cooled IGCT stack is used for the imple-
mentation of the switching half-bridge with an external water
circulation unit keeping the fluid within the safe temperature
margins. Basic information about RC-IGCT used in the test
setup is given in Table 1.

Variable magnetization inductance Ly, is simulating the
magnetization current of the MFT and can be discretely var-
ied in order to set the predefined turn-off current of interest
for the RC-IGCTs in the half-bridge. Resonant tank is also

IEEJ Journal IA, Vol.9, No.3, 2020
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Table 1. Semiconductor devices used in the test setup

IGCT Reverse Diode
Manufacturer ABB ABB
Model 5SHX 1445H 5SSHX 1445H
Forward
blocking voltage 5500V 5500V
Ve 3300V -
Itcom 900 A -
Iravm - 170A
Threshold Voltage Vo, Vo 1.65V 2.53V
Slope Resistance rr, rg 2mQ 4.3 mQ

variable so that its frequency can be varied in a discrete man-
ner, depending on the test requirements. Lg and Cg are vari-
able discrete components that can be combined to obtain the
resonant frequency of interest and the diodes D and D, pro-
vide a return path for the resonant current back through the
RC-IGCT.

High voltage source, Vp¢ is used to charge the DC-link,
providing the working voltage stress for the switching RC-
IGCTs and can go up to the 5kV. Being a low current source
it only provides the energy losses in the magnetizing induc-
tor and the turn-off losses of the RC-IGCTs. On the other
hand, high current source, Vg, is used to ensure the current
stress for the switches, covering conduction energy losses in
the RC-IGCTs, the resonant tank and returning diodes.

This way, flexible current and voltage stress for the IGCTs
under test is achieved without having a full LLC-SRC that
would require two separate MVDC networks to circulate the
power. Energy taken for the sources is used to cover only the
losses in the test circuit which makes the power consumption
of the setup relatively low.

Based on discussion provided in previous section, it should
be noted that the clamp circuit was not included in the test
setup since the design ensures low di/dt values for the diodes
in the half-bridge (diodes are integrated in the IGCT pack-
age). For the resonant/switching frequencies of interest, the
rate of change of current was still the order of magnitude
lower than the datasheet requirement, which confirmed the
discussion from previous chapter.

5. Experimental Results

Two types of experimental measurements were performed,
resonant pulse test and continuous resonant operation test.
The first type was inspired by the typical double pulse test
where a turn-on and turn-off behavior of the semiconduc-
tor can be observed without a risk of damage. The dou-
ble pulse test is typically used to characterize the switches
for hard-switching application. As the current shape through
the switch is different in the LLC-SRC mode of operation,
resonant pulse test was derived in order to characterize the
IGCTs under low current turn-off conditions and quasi sinu-
soidal pre-flooding. Results are later applied for estimating
the continuous working conditions, ensuring safe operation.

Information regarding the turn-off delay time was used to
define proper dead-time for the half-bridge. Safe Operating
Area (SOA) conformity was tested for different turn-off cur-
rents and peak resonant currents. Turn-off energy losses are
estimated and later used to predict the junction temperature
rise for the given switching frequency in continuous regime.

5.1 Resonant Pulse This test is performed in order
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Fig.7. One switch resonant pulse typical waveforms

to characterize the IGCT in the resonant mode of operation.
It is required as this is not a typical application of this kind of
semiconductor switch and datasheet values give typical pa-
rameters for hard-switching applications.

Device under test is /IGCT, from Fig. 6 and the typical test
waveforms are shown in Fig. 7. The test is started by charg-
ing the DC-link to a predefined voltage level, 2.5kV in this
case. At this point /IGCT; and IGCT), are blocking the DC-
link and equally sharing the voltage among each other. At
the same time, resonant capacitor voltage is charged to a pre-
defined level, U¢o, depending on the desired peak resonant
current for the particular test. Eq.(6) describes this depen-
dency:

where I, is the amplitude of the resonant current, U¢ is the
resonant capacitor pre-charge voltage for the desired Iy, Cg
and Ly are resonant capacitance and inductance respectively.

IGCT, is then turned on, its voltage falls to zero and a cur-
rent starts to build up. This current is the sum of the magne-
tization inductor (Lj,) current and the resonant tank current
irg- It should be noted that for this experiment, the high cur-
rent source Vpcr is shorted out of the circuit.

Resonant current flows through the /GCT, and diode D,
into the resonant capacitor, charging it in the opposite direc-
tion. When it falls to zero, the resonance is stopped and only
the Ly, current flows through the IGCT, which is later turned
off at the moment corresponding to the predefined value of
turn-off current. Turn-off current and voltage transient is
recorded at this moment and the data is later used for the turn-
off energy estimation - E,z, turn-off delay time measurement
- tporr and SOA conformity. The small spike in the resonant
current waveform iy in Fig. 7, when it reaches zero, comes
from the reverse recovery of the D, diode which turns off at
this instant.

After the turn-off of the IGCT,, no further external ma-
nipulation of the switches is performed. When the IGCT,
turns off, i), commutates to the diode of the /IGCT; and
flows back to the DC-link (upper Cpc capacitor). Since this
action lowers the voltage on the /GCT, diode D becomes
positively biased by Cg voltage (which is now negative) and
starts conducting current originating from the resonant cir-
cuit i.e. new resonant cycle is started. The i;g during the
0.4-0.46 ms period is the current in the resonant circuit only

|IEEJ Journal IA, Vol.9, No.3, 2020
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Resonant pulses with constant turn-off current and frequency and variable resonant peak a) I,; = 160 A,
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Fig.9. Turn-off transients a) I, = 160A, fow = 1440Hz b) I,y = 100A, fsw = 2000Hz c) I 4 =

fow = 3000Hz d) Iy = 100 A, fsy = 4000 Hz

Fig. 10. Turn-off power transients a) I,y = 160 A, fsw = 1440Hzb) I,5 = 100 A, fsw = 2000Hz ¢) 1,57 = 130 A,
Ssw =3000Hz d) Iz = 100 A, fsw = 4000 Hz

(iLy flows through the diode of /GCT). At 0.46 ms moment,
resonant current and iy, become equal and iy ) commutates
from IGCT) to resonant tank. Resonance is now stopped and
iry falls to zero under the influence of the sum of the half
of the DC-link and Cy voltage. Cy voltage, being negative
(and much lover than the DC-link voltage), reverse biases the
diode of the /GCT and it stops conducting. After the 0.46 ms
moment, iy and iy g are equal in value and the current is fed
back to the DC-link until it reaches zero.

The described test is performed for different low turn-off
currents, switching and resonant frequencies as well as dif-
ferent resonant current peaks in order to observe particular
influences on turn-off behavior of the IGCT. Characterization
data is later used for defining the safe operating conditions for
the continuous resonant operation test.

Figure 8 shows the IGCT); load current for the different res-
onant pulse tests. Switching and resonant frequency is varied
throughout the experiment as well as the peak resonant cur-
rent and turn-off current.

All of the tests are performed at 2.5kV DC-link volt-
age and the 30°C water inlet temperature. As the pulses
were short and time between two consecutive tests was
much larger than the thermal constant of the IGCT, it is
assumed that the junction temperature haven’t risen signifi-
cantly above the heatsink temperature. Consequently, the test
data is valid for the 30°C junction temperature.

Figure 9 show the zoomed in turn-off transients. Turn-off
current variations are kept as tight as possible for the partic-
ular set of waveforms and the small variations are due to the

small variations in the DC-link voltage among the tests. In
the Fig.9(a) it can be noticed that the resonant peak value
has no influence on the turn-off transient whatsoever. As the
length of the pulse decreases for the further tests (equivalent
for the increase in switching frequency), Figs. 9(b)-9(d), the
influence starts becoming pronounced more and more. Stor-
age time slightly prolongs and dV/dt gets lower as the peak
resonant current increases. With a shorter pulses, the stored
charge becomes dependent not only on a value of a current
flow through the device but on its derivative as well. The ef-
fect increases as the pulse duration decreases and approaches
the recombination time of the IGCT.

Transient power loss waveforms are obtained by multiply-
ing the current and voltage for the particular turn-off transient
and are presented in Fig. 10. Integration of these waveforms
over time yields the turn-off energy lost per pulse - Eoz, sum-
marized in Fig. 12. The graph shows the turn-off energy as
the function of turn-off current for different switching fre-
quencies and peak resonant currents. Switching frequency
and peak resonant current show no significant influence on
the E,; but only the turn-off current. These results are later
used for power loss junction temperature rise estimation of
the IGCT half-bridge during the continuous operation.

5.2 Continuous Operation Turn-off delay time,
tporr 1s measured and presented in Fig. 11 as a function of
the turn-off current. As already mentioned, peak resonant
current prolongs the time needed for the IGCT to turn-off
at short resonant pulses and this effect is best noticed at the
4 kHz equivalent operation pulses (blue dots in Fig. 11). As

IEEJ Journal IA, Vol.9, No.3, 2020
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the loading resonant current of the IGCT increases so does
the tporr and this has to be taken into account in the design
phase of the LLC-SRC for proper dead-time selection. An-
other observation is that the variability of tpopr with peak
resonant current decreases as the turn-off current increases
and becomes more controllable at slightly higher turn-off cur-
rents. Finally, a trade off has to be made between the short
and steady turn-off, meaning increase in Iz, and the turn-
off energy losses which directly increase with the increase in
turn-off current.

After the initial resonant pulse testing and with the success-
ful acquisition of the baseline values for the tporr and Eqg
parameters, the test setup was run in the continuous mode
of operation. During this test, the high current DC source
Vpcer from Fig. 6 was employed in the circuit to account for
the losses during the energy transfer from Cg to Lg and vice
versa. Table 2 summarizes different configurations of the test
setup for different experiments performed.

Continuous switching at two different frequencies and dif-
ferent turn-off currents was tested. Table 3 shows the pre-
liminary power loss calculation for the IGCTs and the anti-
parallel diodes. Calculations and estimations are done using
the following equations:

Pcevp = Vo 1;”-" + rT(1§"”)2 ..................... (7)
Psw = EQppfow ++ovovvvrvreeesrmmnnunneeeiins (8)

where I7"Y and I are average and root-mean-square values
of the IGCT current respectively, Vrg is a threshold voltage

Table 2. Continuous resonant operation test parameters
for different experiments

Parameter Experiment 1 ~ Experiment 2 Experiment 3
IGCT,,IGCT,  5SHX 1445H
Dy, D 5SDF 10H4503
Vpe [V] 2x1250 2x1250 2x1250
Cpc [mF] 2.6 2.6 2.6
Cg [uF] 660 660 660
Lg [uH] 15 15 75
Jr [Hz] 1600 1600 2260
fow [Hz] 1440 1440 1860
Ly [mH] 3 1.5 1.5
Loy [A] 70 140 100
I [A] 910 910 910
tporr [ps] 34 29 3.1
tpenp [us] 7.6 14.5 8.1
tp [us] 8 15 8

Table 3. Estimation of the conduction and switching
losses for the switching half-bridge

Parameter ~ Experiment | Experiment 2 Experiment 3
I3 [A] 261 262 240
7™ [A] 428 427 403
Pl W] 797 797 721
El e 171 0.16 0.33 0.23
P, W] 230 475 428
157 [A] 0.4 1.5 0.8
I3 [A] 4.4 12 8.0
P2 (W] 1.0 4.4 2.3
Prorar [kW] 2.1 2.6 2.3

and rr is the slope resistance. Egpp is the turn-off energy of
the IGCT given for the specific turn-off current and fsy is the
switching frequency. Conduction losses of the free-wheeling
diode are estimated as well, neglecting the reverse recovery
losses; low di/dt during the turn-off justifies this assumption.
As the calculation showed the numbers within the datasheet
limits of the semiconductor devices, experiments were run to
confirm the predicted operation of the test setup.

Experiments were run without any major or minor oper-
ation issues and the waveform data was collected. IGCT,
and /GCT), continuous operation waveforms are presented in
Fig. 13 for switching frequencies of 1440 Hz and 1860 Hz re-
spectively. Slight deviations between the current waveforms
of the two switches come from the non-symmetrical resonant
current loops. Because of its size, the high current voltage
source Vpcg, Fig. 6, is placed outside the test cabinet and
connected into the circuit using relatively long cables. This
connection introduces additional parasitic inductance into the
circuit, roughly 2 ¢/H, slightly changing the resonant tank pa-
rameters seen by the /IGCT, switch.

Turn-off current of the IGCTs was kept constant among the
different experimental runs and clamp-less operation of the
IGCTs achieved. Rate of change of the current in the diodes
in the LLC-SRC bridge is naturally limited by the resonant
tank and makes the clamp circuit redundant in this applica-
tion. Its removal has a positive impact on the power density of
the future IGCT based DC-DC converter designs. One pos-
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sible drawback of the clamp inductor removal is short circuit
current limitation. If the half-bridge should short circuit, only
the parasitic inductance of the bus-bars would limit the cur-
rent allowing for the much higher values of the short circuit
current to arise.

Detailed turn-off transients are presented in Fig. 14, show-
ing the current and voltage waveforms of the IGCT, for dif-
ferent switching frequencies, turn-off currents and peak reso-
nant currents. All the signals are synchronized in time, with
zero on the time axis representing the moment when the opti-
cal signal ant the IGCT’s control input goes low. The turn-off
signal itself is not shown for clarity purposes.

First thing that can be noticed in the waveforms is that the
turn-off delay time, tpopp varies with the load current. The
tporr parameter is summarized with the plot in Fig. 15 with
values measured from all of the waveforms from the three
experiments. This finding could lead to a conclusion that the
tporr 1s a function of the maximum resonant (load) current
through the device only but there is a lurking variable present
here: the IGCT junction temperature. It must be noted that
the temperature of the junction was not controlled during the
experiments; cooling inlet water temperature was kept at the
30°C, as this was the only controllable temperature in the sys-
tem. It was shown in the previous work **, through simula-
tion and experiment, that tporr mostly depends on the junc-
tion temperature and the value of the turn-off current of the
IGCT when the blocking voltage is kept constant (2.5kV in
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Fig. 13. Experimental waveforms (voltage and current)
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this case). The relatively high variability of ¢popr in contin-
uous operation (Fig. 15), compared to low variability seen in
Fig. 11, is caused by the different operating junction temper-
ature of the IGCT at the different loading conditions.

As the power losses of the IGCT vary significantly with
the maximum of the resonant current, the prolongation of the
tporr 18 accounted to the change in temperature of the semi-
conductor junction. With a test setup running in a continuous
regime and relatively low thermal junction-to-heatsink con-
stant of the IGCT, the waveform triplets represent the sam-
ples at a working temperature corresponding to the given load
at the moment of the recording of the waveforms. The higher
the load current, the higher the working temperature of the
IGCT that influences the fpprr parameter by increasing its
duration.

The similar explanation holds the turn-off energy losses de-
picted in the Fig. 16, estimated by the time integration of the
product of the IGCT’s current and voltage waveforms dur-
ing the turn-off period. The delays originating from the cur-
rent and voltage measurement methods (probe delays, cable
propagation delays) were already accounted for by setting
the respective deskew delays on the measuring channels of
the oscilloscope. Proper aligning of the current and voltage
waveforms is essential for this method of the turn-off losses
evaluation.

Comparing the results in Fig. 12 and Fig. 16, it can be seen
that the turn-off energy losses are higher in the later figure.
This result is expected as the Fig. 12 summarizes the resonant
pulse test results at the junction temperature of 30°C while
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Fig.15. Turn-off delay time estimated from the experi-
mental current and voltage waveforms
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Fig. 16. Estimated turn-oft energy losses

Fig. 16 shows the results under the continuous load condi-
tions that directly influence the junction temperature of the
IGCT.

Comparing the values in Fig. 16 and the estimations done
before running the experiments from Table 3, it can be noted
that the IGCT switching losses become a considerable por-
tion of the total losses of LLC-SRC half-bridge. In order
to have even higher switching frequencies of the converter,
switching losses have to be lowered, either by lowering the
turn-off current or by choosing an IGCT device optimized
for switching rather than conduction losses. Allowing for the
higher temperature rise of the semiconductor by lowering the
thermal conductivity of the case is another solution but this
one comes at the cost of lower efficiency of the converter.

Another issue noticed in the turn-off waveforms in
Fig. 14(a) and Fig. 14(c) is rather oscillatory turn-off of the
IGCT. The response can be improved by lowering the para-
sitic inductance of the DC-link bus-bars connecting the half-
bridge and the DC-link in order to provide better attenuation
of the system. If the decrease of the parasitic inductance of
this commutation loop is not possible, the turn-off current of
the IGCT has to be increased to counteract the ringing, since
these oscillations could cause the electromagnetic interfer-
ence problems and the additional losses.

6. Conclusions

Basic challenges of implementing an IGCT in a LLC-SRC
soft switching topology are outlined in this paper. High fre-
quency operation and low switching losses are two opposing
requirements closely tied to the turn-off current of the switch
dictating the turn-off speed and dead-time selection. The de-
signer of such a topology has to make a trade off based on the
application of the converter unit.

Successful application of the IGCT was demonstrated
through the experiment in the test setup providing LLC-
SRC current/voltage stress environment for the semiconduc-
tor switch. Relatively high switching frequency of the IGCT
was achieved when compared to the typical hard-switching
application (up to 900Hz). Clamp-less operation was suc-
cessful with no additional stress on the diodes, which proved
the theoretical assumptions that LLC-SRC does not require
the clamp circuit.

Estimation of the turn-off delay time parameter and

turn-off losses using a resonant-pulse data proved to be use-
ful as the first step during the design process of the converter.
High temperature test data would be more insightful for the
final design and is going to be examined for the future works
by the authors. Measuring the parameters on the test setup
working in continuous mode of operation gave the further in-
sight into temperature influence of the turn-off behavior and
the lessons learned pave way for reaching even higher opera-
tion frequencies.
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