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Abstract—IGCTs and IGBTs are compared in the case of a
HVDC MMC. Specific figures of merit, and a current metric
providing simple means to compare them, are introduced and
discussed. Simulation results of a MMC model and figures of
merit are shown to provide consistent result, proving that the
proposed figures of merit are a very simple and fast way to
select the best semiconductor switch. Furthermore, our analysis
supports the growing interest in IGCTs for MMCs, as they are
found to produce the lowest level of losses.

I. INTRODUCTION

The Modular Multilevel Converter (MMC) is a Voltage
Source Converter (VSC) developed and used for Medium or
High Voltage Direct Current (MVDC or HVDC) applications.
This is a reversible, AC/DC Converter. The MMC (fig. 2) is
based on submodules (SMs), its elementary building blocks.
Mainly composed of switches and a capacitor, a submodule
can be seen as a small voltage source that can be inserted
or not (depending on the switching sequence and the current
sign along the submodules). The main type of submodule has
a half-bridge topology, consisting in two switches and their
freewheeling diode, one capacitor and auxiliary systems.

Most submodule designs rely on IGBTs as the semiconduc-
tor switch. This is the case, for example in HVDC-MMCs
produced by General Electric, ABB, Siemens [1] or RXPE
[2]. Indeed, IGBT modules offer high voltage ratings up to
6.5kV, high current ratings, are fully controllable with little
power, and can be sourced from many suppliers. On the
contrary, thyristors, which are often used in other HVDC
converters would require a complex circuitry to be turned-
off. In theory, high voltage SiC MOSFETs would be ideal
components for such application, but their cost is currently
prohibitive.

Several authors [3]-[5] have investigated the possibility of
using IGCTs (a type of gate-controlled thyristor that can be
turned off without parallel-type snubber) in a MMC. They
demonstrated that doing so would increase the conversion
efficiency of a MMC as compared to using IGBTs. Note that
IGCTs require a series-type snubber to limit the switching
speed and protect the associated freewheeling diode when the
IGCT turns on [6], [7]. Even considering the additional power
dissipation caused by this snubber circuit, IGCTs were found
more efficient than IGBTSs in the case of an MMC.

However, because of the very different principles IGBTs
and IGCTs operate on, they cannot be compared directly
from the figures quoted in their datasheets. Therefore, there
is a concern that the advantage if IGCTs over IGBT could
result from a biased comparison, using devices with very
different ratings. In this paper, we introduce new Figures Of
Merit (FOMs), as a means for easy and accurate selection of
semiconductor switches for an MMC application.

The validity of these FOMs is then assessed against a
dynamic MMC model: unlike an average model, the wave-
forms, the on-state voltages and the losses are calculated
at each instant such model provides realistic waveforms,
realistic losses. In particular, the actual switching frequency
and switching instants of the semiconductor devices is an
outcome of the simulation (MMCs do not operate at a constant
frequency) and not a parameter.

II. COMPARISON BETWEEN IGCTS AND IGBTS
A. General considerations and features

The table I provides a general comparison of IGCTs and
IGBTs.

The IGCT is the result of the evolution of the thyristor
technology. The simplest type of thyristor is the SCR (Silicon
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(b) Structure of an asymetric IGBT [11]
Fig. 1: IGCTs and IGBTs structures

Controlled Rectifier). It is a semiconductor device made of
four layers (P+N-PN+ structure) turned-on by a current pulse.
The GTO (Gate Turn-Off) thyristor was introduced in 1980
[8]. Compared to the SCR, it offers a controlled turn-off
capability by applying a negative voltage to the gate. The
GCT is an evolution of the GTO. Two improvements are the
base of the GCT: a low-inductive housing-design allowing
a quick, more homogeneous turn-off without filamentation,
and a “transparent emitter buffer layer”. The buffer-layer and
transparent emitter technologies consist in a weakly doped
n-layer located between the n-base and the p-emitter. This
results in reductions in on-state voltage and turn-off energies.
The low-inductive structure of the GCT allows to rapidly
redirect all the anode current from the cathode to the gate
at turn-off. This prevents filamentation [9] and reduces turn-
off times (10 us for GCTs compared to 100 ps for GTOs).
Another consequence is a much better immunity to dV/dt,
removing the need for a turn-off snubber. The asymmetric
device cross-section and its top view can be found in figure
la. The IGCT (Integrated GCT) corresponds to a GCT switch
attached with its gate drive circuit.

The IGBT is a voltage-driven semiconductor developed in
the early 1980s using a combination of a MOSFET and a
N-P-N transistor structure. [11] This structure can be seen on
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Fig. 2: Circuit Diagram of the modular multilevel converter [17] and of one
of its submodules (SM)

figure 1b. Its relatively low losses and its ability operate at
high frequencies (several kilohertz) make it widely used in
many fields. It requires a simple gate unit with a low power
consumption. Compared to the GCT or other thyristors, which
are made on a single semiconductor wafer, IGBT modules
are formed by paralleling a number of smaller semiconductor
chips, making it scalable to different power ratings.

The technologies are still being improved with new struc-
tures for the IGBT (Enhanced Trench IGBTs — TSPT+ — for
ABB [12], or the Injection Enhancement Gate Transistor —
IEGT - for Toshiba [13]) and the IGCT (Reverse Conducting
IGCT, Reverse Blocking IGCT... [10]), pushing their limits
with higher ratings [10], [12], [14], [15], lower on-state
voltage and switching losses [10], [16].

B. Current ratings of semiconductor switches

Many values are quoted in the datasheet of a semiconductor
switch regarding the on-state current they can manage. These
current values and those introduced in this paper are described
in table II. For the IGCT, none of them can be directly and
simply linked to the MMC operation, unlike for the IGBT
(for which the DC-current rating on the IGBT datasheet
corresponds to the maximum current going through the IGBT
in MMC operation). As a consequence, the suitability of an
IGCT for a given MMC cannot be assessed directly, and no
direct comparison can be done between IGBTs and IGCTs.

Thus, a new current metric (/o4—7gcT) has to be defined
to compare efficiently IGCTs and IGBTs current capabilities.
This new current metric should correspond to a generic
MMC case (it is not specific to one MMC implementation
in particular) and has of course to be based on data available
in the IGCT datasheet. The goal is to build a current metric



TABLE I
GLOBAL COMPARISON OF IGCTS AND IGBTSs (PRESS-PACK)

Semiconductor IGCT

IGBT (Press-Pack)

Snubber

Needed (series, to limit turn-on dI/dt) No

On-state Voltage

Low (around 2V at high current)

High (more than 3V at high current)

Turn-on Energy loss

Around 2 J (2.8 kV, 2 kA)

Around 10 J (2.8 kV, 2 kA)

Turn-off Energy loss

Around 10 J (2.8 kV, 2 kA)

Around 10 J (2.8 kV, 2 kA)

Gate circuit

Large, and high power consumption [18]

Small, low power consumption [18]

Switching Frequency

Low (up to 350 Hz) [10]

High (up to tens of kHz) [19]

TABLE 11
DESCRIPTIONS OF THE CURRENT-RELATED VARIABLES MENTIONED IN THE PAPER.
Current Switch | Source Description Symbol
DC-current IGBT Datasheet Max. DC-current that the IGBT can conduct Lgc—igbt
Peak Current IGBT Datasheet Max. peak (Ims) current that the IGBT can switch Ipk—igbt
Max. average Based on half-sine, no real practical meaning ]
on-state current IGCT Datasheet according to [20] Iavfzgct
Max. RMS Based on half-sine, no real practical meaning ]
on-state current IGCT Datasheet according to [20] Irms—iget
Max. controllable
turn-off current IGCT Datasheet Max. anode current that can be turned-off Imto—iget
Switching Current Both Datasheet Condition test current for the switching energy in the datasheet Lswi
Max. av. current MMC Both This paper | Av. current going through the switches (worst case) Toy—semi
Max. instantaneous . . .
current MMC Both This paper | Max. instantaneous current seen by the switches Imaz—semi
. . Built with the datasheet currents,
Equivalent current IGCT IGCT This paper equivalent of ]dc—igbt for the IGCT Teqg—iget

comparable to the DC-current quoted in IGBT datasheets
Ic—igt, considering the actual current waveforms in a MMC.

The worst case for the IGCT —i.e. when the IGCT is subject
to the maximum possible current — is when the submodule
is inserted for an entire period. Considering the asymmetric
operation of the MMC, one of the IGCT will be subject to
more current than the other. This IGCTs currents have their
waveforms drawn in figure 3, assuming the current of the
AC output of the MMC is perfectly sinusoidal. It can be
seen that this waveform is close to a 50 Hz half-sine. The
adopted approach is to calculate the average current of that
waveform in the general case and link to the maximum current
value of the same waveform. By establishing this connection
between I,y _semi and I,,q40—semi. and based on I,,_rcor
we can introduce I.q_;gct, Which is the equivalent for the
IGCT of the dc current for an IGBT (Ig.—igp¢, quoted in the
device datasheet). The waveforms of the MMC are described
in egs. (1a) and (1b), with ¢,, the current on the AC-side, I,
the current through the considered arm and I; the current on
the DC-side. Here, it will be considered that the arm is the
one described in equation 1b, but the same reasoning can be
used with any arm and any power factor.

1q =1, * sin(wt) (la)
1 I, .
Iarm,(t) :gd + 5 sin wt (1b)

A MMC can be described with the following design-related
ratios (egs. (2a) and (2b)), k being the ratio between the AC
and DC currents, and m being the ratio between the ratio
between the AC and DC voltages. The relation between those

Current Iswz‘tch/[maa: (p.u.)

1.00
Time (s)

1.50 2.00
1072

Fig. 3: Currents in the power switches, if the submodule is kept inserted
(worst case).

0.00 0.50

ratios and the power factor is the eq. (2c), resulting from the
hypothesis that the powers from each side (AC and DC) are
equal. Typical values for m is around 0.8 +£0.1 and for cos(¢)
is around 0.85 + 0.1 too. So the typical value of k is around
3+1.

31,
k=5 (2a)
20,
=— 2b
m ip (2b)
k% m x cos(¢p) =2 (2¢)

The calculation of the average current through the IGCT is
described in eqgs. (3a) to (3d), with the integration of the



positive component of the arm current, corresponding to the
current in the most loaded IGCT. The arm current is positive
between t; and to, described in (3a). The average current of
the IGCT is obtained in eq. (3d).

arcsin (—%) T — arcsin (— 1)

t1 = jto = (3a)
w w
i i
1 1 d a .
Tov—semi == | I, = [[22 L
av—semi —rp / arm(t)dt T /[ 3 + 9 Sll’lwt]dt (3b)
t1 t1
2k
Lo =" 1a Ge)
I kI
Tov—semi 23—% % (tg — 1) + 6—;[— cos (wta) + cos (wty)]
(3d)

This expression of I, sem; can be simplified using a linear
regression, shown in eq. (4a). This regression is done on a
limited range of values of k, between 2, minimum of k in half-
bridge based MMCs according to according eq. 2c¢ and 10,
corresponding to normal half-bridge based MMCs, 10 being
chosen high for a HVDC MMC. The regression gives a R?
value of 0.99992.

(4a)
(4b)

Iavfsemi :Id * [a * Kk + B]
a =0.103398; 8 = 0.19019

Iaz—sems 1S obtained from equation (1b) and equation
(2a) by replacing the sinus by maximal value. The function
f is then introduced in equation 5b, as the ratio between

Imaxfsemi and Iavfsemi .

1+ k
=) (5
Imamfsemi 1+ k
k) = =
f( ) Loy—semi 3 X (a x k +ﬁ)

An equivalent current I.,_;gcoT, that can be directly com-
pared to the Ig.—;qp: of an IGBT, is defined in equation 6.
Ioq—rccer is equal to the minimum of I,,;0— rgor (Maximum
current at turn-off) and I,,_;cor X f(k) to ensure it does
not exceed the current that can safely be interrupted.

Imazfsemi :Id * (

(5b)

quflGCT = min(ImtoflGCTy IavflGCT X f(k)) (6)

f is a function that is increasing with k. Here, we consider
the case in which £ = 2, ie. f(k) = 25116, to stay
in the most general case. In this case, for many IGCTs,
Iyw—1cor % f(k) has a higher value than I,,40—;gce- TWO
things can be concluded from that result. First, I,;,;o—;gc¢ can
be most of the times compared to Ig._iq¢ (even though it
needs to be checked afterwards with this method). Then, most
available IGCTs have very high I,,;0—igc¢ (3 to 8kA), which
means they can handle much larger currents than available
IGBTs (Lge—igee = 1 to 3kA for >3.3kV IGBTs) in a MMC
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Fig. 4: Ratings of semiconductors (IGBTs, IEGTs and IGCTs), with the
blocking voltage and the current calculated in the paper: Ij._;gp¢ for IEGTs
and IGBTs and Icq—igct for the IGCTs. '+ means 'not found in catalog
but in literature’, **’ means ’prototype’. Sources: ABB, Mitsubishi, CRRC,
Dynex, Toshiba online catalogs (2019) and [18], [21], [22].

application. This is illustrated in Fig. 4 where Ig._;g¢ and
I.q_1ccT are ploted. Finally, the Ip,0—sgct i a limit of the
IGCT related to the gate circuit (how much current the gate
can divert to open the IGCT) and I,,—rgor X f(k) is a ther-
mal related limit of the semiconductor. If I.,_;qcr is equal
t0 Iynto—iget, the limit is not related to the semiconductor
itself: the semiconductor could withstand more current.

C. Figures of merit for conduction and switching losses

After we established a consistent current rating for IGBT
and IGCTs in the previous section, we can now use it to
compare the merits of different switches. These Figures of
Merit (FOMs) are related to the conduction and switching
losses.

For the conduction losses, a FOM that can be used is
the on-state voltage. As this on-state voltage is dependent
on the current flowing through the component, we consider
the MMC waveforms to calculate an average on-state voltage
value. It is equal to the on-state voltage for the average
current, as it is demonstrated in eqs (7a) to (7b).

Von(I) =Vo + R.1 (7a)

average(Vo,) =Vo + R.average(I) = Vo (Iyp—semi)
(7b)

The average on-state voltage is then normalized with re-
spect to the blocking voltage of the switch (considered with
a de-rating to reach a reliability of 100 Failure-In-Time —
FIT — defined in particular in [23]), to allow the comparison
between semiconductors with different voltage ratings. The
final figure of merit is then:



TABLE III
LOSS STUDIES RESULTS

Total losses | Total losses Inverter or Loss red.
IGBT (%) IGCT (%) rectifier (%)
Average rectifier
[5] 0.48 0.41 and inverter 14.6
[3] 0.64 0.44 Rectifier 31
[3] 0.32 0.27 Inverter 15.6
[4] 0.76 0.74 Rectifier 2.6
[4] 0.83 0.64 Inverter 22.9

Von (Iav—igct)

FMcond—loss(IGCT) - (88.)
Vibtock—100F 1T
Vv Idcr—i,gbt
FMcond—10ss(IGBT) = YonCaris ). (8b)

Vbiock—100FIT

For the switching losses, turn-on and turn-off energies are
used to compare semiconductors. In datasheets, the losses
figures are always quoted at maximum rated current, which
may differ from the actual current in the application. The
IGBT and IGCT switching losses can be approximated by a
linear function depending on the current. For the IGBT this
is only true up to the dc-current rating, but this is sufficient
in the case of the MMC. To compare the switching losses,
the chosen figure of merit is the following:

Edatasheet

FMswifloss = (9)

Viiock—100F1T X Lswi

III. FOM VALIDATION, SIMULATION AND LOSS STUDY
A. Model Description

As it can be seen in the literature (see Tab. III), IGCTs
are always found to cause less losses than IGBTs. However,
the estimated amount actually varies noticeably from one
publication to another because it depends on many factors:
MMC ratings, control methods, operating points, not all of
which are disclosed in the corresponding publications. As
a consequence, it is difficult to use published results to
validate our FOMs. That is why a simple MMC model has
been developed, focusing on the individual behavior of each
submodule (capacitor and semiconductors). This model is
used to validate the validity of the FOM approach.

The model is written as a Matlab script. The modeling
assumptions are as follows: perfect sinusoidal current in the
arm; arm inductor, line resistors and energy exchange between
arms not modeled; only one arm considered.

The model calculates the switching instants of the semi-
conductors switches with the nearest level modulation con-
trol method [24] and the reduced switching algorithm for
capacitor voltage balancing [25]. Although simple, this model
produces realistic waveforms for the operating voltage and
current of each submodule, which allows for a more accurate
estimation of the losses than average models. Examples of
current and voltage waveforms for the upper arm, and the
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Fig. 5: Waveforms of the arm and some submodules, after simulation of the
same MMC as [4]. (p.u. means per unit and is the instantaneous voltage of
the submodule divided by the rated voltage of the submodule)

capacitor voltages for some (randomly chosen) submodules
are displayed in figure 5.

The waveforms in figure Sb show that, as it is the case
in actual MMCs, the different submodules have different
switching moments, different voltages at a given time, and
they respect the set voltage ripple (10% in that case) around
the average value of the capacitors voltages. The waveforms
on the figure 5a show that the semiconductor conduction
losses are calculated with realistic current waveforms. Those
features of the model permit to have more realistic losses
figures compared to an average model.

This model has been tested for different durations and the
duration of 5 periods is sufficient.

B. Loss Study

A simulation was realized considering the following MMC:
1 GVA, 400 submodules per arm, a mean submodule voltage
of 1600 V, a DC voltage of 640 kV (pole to pole). The
considered devices are: IGCTs (5SHY 350L.4521) and asso-



ciated diodes (5SDF 20L4520), or press-pack IGBTs (5SNA
2000K450300) which include their own diodes. Using the
model, losses of 5.2 MW (0.52% of the transferred power) in
the case of the IGCT and 6.72 MW (0.672%) in the case
of the IGBT have been calculated. This corresponds to a
loss reduction of 23.6%, which is consistent with the results
presented previously.
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3
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(a) Figures of merit applied to ABB online catalog for IGCTs and
Stakpak IGBTs (2019).
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(b) Switching and conduction losses from 4.5 kV ABB IGCTs and
Stakpak IGBTs, simulated for the same MMC as [4] (inverter case).

Fig. 6: Figures of merit analysis: displayed and compared to the simulated
conduction and switching losses.

C. Analysis of the figures of merit

The figures of merit for the ABB IGCTs and Stakpak
IGBTs are displayed on Fig. 6a. They are in good agree-
ment with the corresponding switching and conduction losses
calculated using the MMC model (for 4.5kV devices only,
Fig. 6b). Both approaches confirm the superiority of IGCTs

On-state voltage (V)

Current (kA)

Fig. 7: On-state voltage of one IGCT and one IGBT [18]

over IGBTs regarding losses in general. This demonstrates the
interest of those figures of merit: they provide a quick and
efficient comparison without the modeling and the simulation
of a MMC.

As expected the IGCT has lower conduction losses on
average, but in some cases, with the worst IGCT and the
best IGBT in terms of conduction losses, the IGBT is better.
This appears both in the figure of merit and the simulated
conduction losses (see figure 6). It can be explained by the
use of average on-state voltage in the figure of merit —
calculated as the on-state voltage at the average current of
each semiconductor — and by the use of the same MMC for
the simulations — the current of this MMC is the same for all
the semiconductors. This implies an under-utilization of the
IGCTs, whose on-state voltage grows slowly with the current.
Indeed, as it can be seen in figure 7, the on-state voltage of
an IGCT grows slower than the on-state voltage of an IGBT.
In fact, the IGCT is more suitable for MMCs with higher
current ratings. But it has to be kept in mind that the figure
7 is a particular case of one IGCT and one IGBT.

Furthermore, the IGCT is often described as having more
switching losses than the IGBT: with the figures of merit (and
confirmed by the simulation), it can be seen that in any studied
case, the IGCT has lower switching losses. This is due to the
fact that the turn-on losses are very small for the IGCT.

But it has to mentioned that on figure 6b, the scale is
different (0.02% per division for the switching losses and
0.1% per division for the conduction losses). The biggest
conduction losses difference (the best IGCT and the worst
IGBT in terms of conduction losses) is 0.2% while the biggest
switching losses difference is 0.055%. This is due to the low
switching frequency of the devices in the case of HVDC
MMCs.

IV. CONCLUSION

In this paper, new metrics have been developed to compare
efficiently and quickly IGCTs and IGBTs in the particular
case of HVDC MMCs. A current rating and losses figures of
merit have been built.



The current rating has shown that the available IGCTs have
higher usable current ratings than the available IGBTs. The
proposed FOMs offer a simple, analytical way to compare
given IGBTs and IGCTs for a HVDC MMC application, and
to easily select the best device.

The different simulations have validated the FOMs and
confirmed their necessity. Indeed, not all IGCTs are superior
(in terms of losses) than IGBTs, and the selection must be
performed on a device-per-device basis.

But the FOMs confirm an advantage — in general — of
IGCTs over IGBTs regarding converter efficiency, and are
consistent with more complex converter-level simulations.
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