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Abstract

IGCTs are attractive power semiconductor devices for HVDC applications. However, their switching
speed at turn-on can only be controlled by the means of an external snubber circuit, which adds com-
plexity and cost. This paper investigates experimentally the possibility to downsize and even completely
remove this turn-on snubber/clamp in the case of an MMC submodule based on 6.5kV IGCTs, using
fast silicon diode modules (rated at up to 13kA us™!). The removal is found to be possible, although
limiting phenomena (dynamic avalanche and snap-off) appear, reducing the actual operating range of the
submodule.

1 Introduction — Relevance of IGCTs for HYDC MMCs, turn-on snubber

1.1 The Modular Multilevel Converters and the IGCT

The Modular Multilevel Converter (MMC) is a Voltage Source Converter (VSC) used for Medium or
High Voltage Direct Current (MVDC or HVDC) applications. The MMC (Fig. 1a) is based on submod-
ules (SMys), its elementary building blocks. Composed mainly of switches and a capacitor, a submodule
can be seen as a small voltage source that can be inserted or not. The half-bridge submodule (HB, shown
in Fig. 1b) is the most common submodule type. It consists of two switches and their freewheeling diode,
one capacitor (and auxiliary systems, not shown here).

Most submodule designs, such as those described in [1], use IGBTs as controlled switches. These tran-
sistors offer high ratings (up to 6.5kV and a few kA for commercially available IGBTs); their control
circuitry is simple and requires low power. However, IGCTs are increasingly considered a potential
competitor for IGBTs in HVDC MMCs, and several papers have shown that IGCTs may be a better
alternative [2, 3, 4, 5, 6]. Indeed, they have the following advantages: lower losses (studied notably in
[2, 3, 4, 5]) as well as higher power ratings than the IGBTs [5]. They also have a short-circuit failure
mode, which is very desirable in HVDC MMC:s as it permanently bypasses a failed submodule. IGCTs
also exhibit some drawbacks, which may explain that the device was not considered for HVDC MMC
submodules at first. Perhaps the main drawback is the need for a “’turn-on snubber”, described below.
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Bridge (HB) SM. paper, submodule part, with a snubber.

Fig. 1: Typical MMC and submodule, and the submodule double pulse circuit used for the tests in this paper.

1.2 Turn-on snubber requirement for IGCT MMC submodules

Based on a thyristor structure, IGCTs do not offer a way to control the speed of their turn-on transient,
and in particular, the current slope (di/dt). This turn-on transient can be very fast (tens of kA us™"),
and can cause an excessive burden on the opposite antiparallel diode [2, 3, 6, 7, 8, 9], which can be
destroyed as shown in [6] and later in this paper. Indeed, typical silicon power diodes can only sustain
di/dt of one or a few kA us™! at turn-off (which corresponds to the opposite IGCT turning on). At a high
di/dt, a diode faces the risk of destruction by dynamic avalanche. According to [10, 11], a high di/dt
provokes a high peak power inside the diode at the end of the reverse recovery (when the diode voltage
rises), with an indicative ’silicon limit” of 250kW/cm?2. Consequently, the current slope must be limited
externally using a turn-on snubber” circuit (presented in the figure 1c). The turn-on snubber comprises
a snubber inductor (Lyy, to set di/dt = Vis/Lgy,) and an RCD-clamp (resistor Ry, capacitor Cs,, and
diode Dy, to clamp the overvoltage produced by the snubber inductor at turn-off). The inductor is
designed to limit turn-on speed to a value of around 1 kA pus™!, consistent with the recommended diodes
(the 5SDF201.4520 from Hitachi, intended for use in IGCT converters, is rated at 1.2 kA ps‘] ).

It should be noted that the turn-on snubber has the advantage of improving the internal short-circuit
capability of the submodule [12, 13, 14]: indeed, if both IGCTs of a SM happens to be ON simulta-
neously, the SM capacitor is short-circuited; the short-circuit current is then limited by the presence of
the snubber inductor. This situation can occur with an erroneous triggering of the initially open IGCT
(while the other IGCT is still on) or a failure to turn off an IGCT before turning-on the other. In [12], the
snubber inductor is estimated to result in 5 to 10 times short-circuit current peak reduction compared to
an IGBT-based SM, which does not contain such snubber.

However, this snubber represents added volume, added cost (4 more parts, including a high voltage diode,
Dy, and added switching losses (8J for a 4 uH snubber inductor and 2kA SM current for example).
Consequently, it may be interesting to downsize it as much as possible. This is for example studied
in [2, 6] for 2.2kV/1.5 kA submodules using press-pack diodes. In these studies, the typical uH-range
snubber inductor is reduced down to 320 nH, with the RCD-clamp remaining un-touched. A snubber
inductor of 320 nH is comparable to the stray inductance encountered in standard IGCT circuits (Lgtrqy
in the figure 1c). These studies also demonstrate that the IGCTs themselves can withstand di/dt values
higher than the recommended limit of 1kA ps™' (according to the IGCT datasheet), which suggests that
the main limitation to increasing the turn-on speed is the capability of the corresponding diode.

1.3 Aim of the study

In this paper, we investigate the possibility of removing entirely the snubber (smallest possible inductance
and no RCD-clamp) in IGCT-based MMC submodules, or at least downsizing even further, compared
with the studies in [2, 6], providing that fast enough freewheeling diodes are used. This dramatic sim-
plification of the power circuit would have significant consequences on the cost and volume of an MMC
submodule. It is studied experimentally with very fast silicon diodes (up to 13kA ps™!).



(a) IGCT side of the actual experimental setup. (b) Snubber side, with the cable inductor as the snubber
inductor, 3D rendering (AutoCAD).

Fig. 2: The experimental setup used for commutation tests (double pulse).

Table I: Overview of the different parts of the setup with their corresponding ratings, technologies, and part number
(if applicable).

Part Value/Ratings Technology Model
Ly, 0.8 to 3.4 uH, - Air inductor (3D printed mandrel, Figs. 4a 4b ) Custom

and 100 to 160 nH - Busbar connections (Figs. 4c 4d)
R 05Q Planar resistor TAP800KRS50E (Ohmite)
Csnu SuF/6kV Film capacitor E51.S11-502R20 (UPE)
Dgny 6.5kV/2x600 A 6.5kV Si Diode 5SLD 0600J650100 (Hitachi)
Cpuy 0.8 mF/3.8kV Film capacitor Trafim (AVX)
Lqp 0.4 to 2.8 mH Air inductor Custom
Ly ray 450nH Non applicable Non applicable

In the next section, the design of the test bench is presented, with the selection of the semiconductors
devices and the design of a configurable turn-on snubber. Then (in section 3), the results of the exper-
iment are described and analysed for a reduced snubber inductance as well as for complete removal of
the snubber circuit; finally, a particular focus is given to the limiting phenomena that appeared during the
experiment, and their associated destructive events.

2 Design and characteristics of the test setup

To analyse the commutations of the IGCT, a ”double-pulse test” circuit is used here. The experimental
setup reproduces the possible layout of an HVDC MMC Half-Bridge submodule (although only one
IGCT is mounted for the tests presented here) and shows similar behaviour. Therefore, conclusions can
be extrapolated to the case of a real HVDC MMC submodule. The experimental setup is shown in figures
2a (IGCT side) and 2b (snubber side). The ratings and technologies of the components used for the test
bench can be found in Tab. I (except for the IGCT and diodes, discussed further below). As a reminder,
the test setup, with the corresponding components labels, is displayed in figure 1c. The temperature of
the semiconductors is controlled by the radiator placed behind the diode pack and the heatsinks of the
IGCT pressing clamp. They are connected to a Julabo A40 (thermostat) with EPDM Rubber pipes using
HL60 cooling liquid to reach temperatures up to 120 °C.

2.1 Selection of power semiconductors devices

Various IGCT component references available on the market have been listed, without considering RC-
IGCTs (as the diode they include is not rated for high di/dt). The list can be found in [15]. Here,
we select a 6.5kV device, as it allows higher voltage operation, a general trend in MMCs, and allow



(a) IGCT 5SHY42L6500 (b) Diode packs (same package for (c) Diode electric
both models). connections.

Fig. 3: Photograph of the selected semiconductor devices.

Table II: Noticeable parameter values for the study. 3.6 kV corresponds to a typical bus voltage for a 6.5kV device
(55 % de-rating to ensure 100 FIT reliability). 2.8 kV corresponds to a typical bus voltage for a 4.5kV device.

Conditions di/dt Value | Voltage | Snubber inductor
Recommended di/dt for IGCT (w/ 6.5kV diode) 1 kA ps™! 3.6kV 3.6 uH
Maximum di/dt (2xdiode 6.5kV) 8kApus! 3.6kV 450 nH
Recommended di/dt for IGCT (w/ 4.5kV diode) | 1kAps™ 2.8kV 2.8 uH
Maximum di/dt (2 xdiode 4.5kV) 13kA ps‘1 2.8kV 215nH

testing of both 4.5 and 6.5kV diodes. The selected IGCT is the 5SHY42L.6500 from Hitachi, rated at
6.5kV/3.8kA). The current capability of this device is fully compatible with typical HVDC MMCs [5].

Regarding the selection of the freewheeling diode, the main criterion is its maximum allowed di/dt
during turn-off, regardless of its package. Indeed, press-pack diodes are typically used together with
IGCTs, which are all press pack devices, but most fast diodes, which are intended to be used with IGBTs,
tend to be packaged in plastic module cases. For the sake of the study, all suitable diodes are investigated,
and some diode modules are found to be the most promising devices: The SSLD0600J650100 (6.5kV,
2x600 A, 2x4kAus™!) and 5SLD1200J450300 (4.5kV, 2x1200 A, 2x6.5kA ps~!). In figure 3b, the
diode package used here is displayed (both diodes have the same package). It contains two separate sets
of diode chips, as shown in figure 3c. In this study, these two separate diodes are connected in parallel
to double the current rating and di/dt. Note that for the sake of simplicity in the setup, the diode used in
the RCD-clamp is one SSLD0600J650100, although its current rating is much larger than required.

2.2 Snubber design

Suitable snubber inductance values depend on bus voltage (Vj,s) and desired di/dt according to Lg,, =
Vius/(di/dt). Snubber inductor allowing to reach noticeable di/dr values recommended are displayed
in Tab. II for the maximum voltage considered (Vs = 3.6kV for 6.5kV devices and V,; = 2.8kV for
4.5kV devices).

Custom snubber inductors ranging from 0.8 to 3.4 uH are formed by winding a cable around a 3D-
printed mandrel, as shown in figures 4a and 4b. The different values are obtained by printing mandrels
with different numbers of turns (2 turns for 800 nH, 3 for 1350 nH, etc.). The space between each turn
ensures suitable clearance and creepage distance (low voltage cable is used so that insulation is ensured
by the proper spacing). For lower inductance values, we take advantage of the stray inductance of
the busbars as it is done in [2, 6], resulting in snubber inductance values of 160 and 100 nH (Figs. 4c
and 4d, respectively). An extra stray inductance, evaluated at 450 nH by ANSYS Q3D finite elements
calculations, must be added to all these values to obtain the total loop inductance. It corresponds to the
unclamped stray inductance of the yellow parts in Fig. 2b.

The capacitor and resistor are selected after iterative circuit simulations using LTSpice, with two criteria:
allowing pulses as short as the 40 us (the minimum pulse time of the IGCT, as quoted in its datasheet)
and the tolerated overvoltage on the commutation cell. Their ratings can be found in table I. More details
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Fig. 4: Snubber inductor: technical choices to obtain different values from 100 nH to 3.4 uH.

on the selection process can be found in [15].

Although the snubber is not particularly optimised in size here (and no thermal analysis has been per-
formed to allow continuous operation), its volume for this test setup is between 15L to 20L (calculated
with AutoCad). This gives a good idea of typical volumes occupied by snubbers and confirms that this
volume is significant. The entire snubber can be seen in Fig. 2b.

3 Experimental plan and results

3.1 Experimental plan

A double pulse” test setup is used to explore a large range of switching current/voltage values, with
moderate power dissipation (and therefore limited self-heating). In Fig. 1c the power circuit of the test
setup is displayed and in [15] the whole circuit is detailed along with more explanations on the ’double
pulse”. In the results presented below, we focus on the waveforms at the IGCT’s turn-on, i.e. when the
snubber circuit controls the current transient. The analysed physical quantities are the different reverse
recovery parameters of the diode (E,, T,r, Qyr, 1), di/dt, the maximum voltage across the diode (and
associated overvoltage), the total energy during turn-on (E,,+ Eon—16cT + EL—snubber) and the peak power
during reverse recovery. The measurements are performed for the following conditions:

* Temperature: 25 °C, 60 °C, 90 °C, 120 °C for the heatsinks temperature.

* Voltage: 800V, 1100V, 1400V, 1700 V, 2000 V, 2400 V, 2800 V, 3300 V*, 3600 V*. (* =6.5kV
diode only)

* Current: 100 A, 300 A, 600 A, 900 A, 1200 A, 1800 A, 2400 A.

* The two diode modules described in section 2.1: the 6.5kV PM diode and the 4.5 kV PM diode.

* Snubber inductor: 3.42uH, 2.9puH, 1.97uH, 1.34uH, 0.8 uH (wound inductors, see Fig. 4a),
160nH, 100 nH (busbar connections). An unclamped stray inductance of 450 nH has to be added
to the snubber inductance to obtain the total loop inductance of the circuit.

Due to undesirable phenomena (such as snap-off or dynamic avalanche), not all configurations of the
parameters above are possible. This is especially true for the 6.5kV diode, for which some failures are
observed (this is described further below).

3.2 Typical waveforms and occurrence of snap-off

In this subsection, typical waveforms are presented at IGCT turn-on (see figure 5). Two types of reverse
recovery can be observed: soft-recovery (figure Sa, in which the diode current — Iry p — smoothly reaches
zero after recovery) and snappy-recovery (figure 5b, for which the diode current abruptly returns to zero
at the end of the reverse recovery, causing oscillations). The chronology for the soft recovery (figure 5a)
is the following:
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Fig. 5: Typical waveforms obtained during the measures. Left: pulse at 1700 V/600 A/120 °C with the 4.5kV diode
and a 3.4 pH snubber inductor. Right: pulse at 2800 V/600 A/25 °C with the 6.5kV diode and a 2.9 uH snubber
inductor.

1. The IGCT receives the turn-on command and its voltage (Vigcr, in red) starts decreasing (t =
198.2 us). The diode current (Irwp, cyan) starts to transfer to the IGCT ([;g¢cr, pink). This first
phase ends when the IGCT voltage has finished its first decrease and is stable at a low voltage
(t =199 ps).

2. Then, the current still transfers from the diode to the IGCT at a constant rate, determined by the
loop inductance value; this loop inductor sustains most of the bus voltage during this phase. This
second phase ends when the diode starts blocking voltage (r = 200.5 us).

3. The voltage across the diode (Vgwp, blue) increases as the diode enters reverse recovery. The
reverse recovery current reaches its minimum (/) at t = 201.9 ys.

4. Starting from ¢t = 202.2us, a smooth recovery takes place: dIpwp/dt slowly decreases until the
recovery is over (t = 204.3 us).

In some cases, diodes can also display a “’snappy recovery” behaviour, such as depicted in figure 5b.
The abrupt diode current slope at = 43.2 us generates an overvoltage spike and oscillations that can be
destructive [11, 16, 17]. Diode manufacturers optimise their devices to avoid snappy behaviour (among
other criteria), adjusting doping levels and lifetime profile in the semiconductor [16], but, as described
in [18], even soft diodes can present a snappy behaviour in certain conditions. In [16], operational
conditions that favour snap-off are listed: low temperature, high voltage, high stray inductance, and low
current.

3.3 Main results

This section starts with two subsections investigating the main stresses experienced by the diode (peak
power density, overvoltage) and their evolution with current, voltage, Ly, di/dt, temperature, and pres-
ence (or not) of an RCD clamp. Then, we analyse the impact of the snubber reduction and removal on
the losses during turn-on. Finally, we focus on the impact of removing the RCD-clamp altogether.

In summary, it is possible to reduce the snubber inductance down to its lowest possible value (100 nH)
for the 4.5kV diode and even remove the RCD-clamp: proper operation is observed up to 2.4kV and
1.8 kA at a temperature of 90 °C and 120 °C (up to 1.7kV 2.4kA for 25°C and 60 °C). The 6.5kV
diode is found to work for a 800 nH inductor up to 3.6 kV/2.4 kA, but to fail at a lower snubber inductor
(160nH), as described in section 4.2.

3.3.1 Maximum power during reverse recovery

The maximum power densities measured for the 4.5kV diode during reverse recovery are plotted in
Fig. 6 over the voltage, current domain, for different snubber inductor values. This maximum power
is calculated as the maximum of the Irwp X Vrwp product divided by the total diode surface inside a
package (active surface per die times the number of dies) assumed to be 19.44 cm? for the 4.5 kV diode
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and 19.44 cm? as well for the 6.5kV diode.

It can be seen that reducing the snubber inductance (and therefore increasing the di/dt at the IGCT
turn-on) increases the peak power dissipation of the diode. In figure 6¢, the indicative threshold of
the silicon limit” (250 kW cm™2), described in [10], is even exceeded, but it did not lead to destruction.
Fig. 7 presents the peak power density as a function of the bus voltage, for the most critical situations (i.e.,
lowest tested Lgy,,). The 6.5kV diode is found to fail at a power level of 516 kW cm™2, after a successful
test at 401 kW cm™2. This is in the order of magnitude of the indicative “silicon limit” [10, 11].

These results confirm that downsizing the snubber leads to higher stress on the diode during the reverse
recovery, but they also demonstrate the possibility to minimise the snubber inductance value and to
remove the RCD-clamp over a significant part of the (voltage,current) domain without causing diode
failure.

3.3.2 Overvoltage across the diode due to snappy-recovery

As shown in Fig. 5b, the snap-off phenomenon causes a large overvoltage to appear across the diode
(VFwp) at the end of its recovery. This overvoltage spike may cause avalanche in the diode if it exceeds
its blocking capability and eventually leads to the destruction of the device.

Fig. 8 presents the amplitude of the overvoltage (i.e. the difference between the overvoltage peak and the
bus voltage). The overvoltage scale in the figure is blocked between 500V (when an overvoltage starts to
be significant) and 1000V (when an overvoltage is too severe) in order to emphasise the phenomenon do-



1000

900

800

Current (A)
Current (A)

700

600

500

1000 1500 2000 1000 1500 2000 1000 1500 2000
Voltage (V) Voltage (V) Voltage (V)
(a) Ambient temp. (25 °C). (b) 60°C. (c)90°C.

Fig. 8: Heatmaps representing the overvoltage level depending on voltage, current, and temperature during snap-
off events. Diode used here: 4.5kV diode. Lg,,=3.4 uH.

14 10 X 4000
X Em, 3.4pH "
* 1.94pH 8 O Em 100nH ®  Without RCD *
800nH
10 x 100:H X O Esn, 100 x < 3000 X )e?(
% 100nH + x = X %
Ss no RGO x 6 % 22500 %
: L : X"
5 w = X
= 6 X X < 2000
- % ‘ xo 9 & X
x X X > X
4 % 1500
3 Q x X X
§ g 2 o (o] x X X §
2 R 5 ¥ 1000
0 Lot 0 ﬁx}‘\ Ja e o o
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
| pulse (A) | pulse (A) V bus (V)

(a) Total turn-on losses for various (b) Turn-on losses break-down for (c) Max. Voltage for the cases with
snubber inductors. 2kV, 120 °C. two snubber inductors. 2kV, or without RCD clamp. 600 A,
120°C. 120°C.

Fig. 9: Different results of the double pulse test (turn-on losses, maximum voltage).

main. It shows that, in the case presented here, significant snap-off occurs, with overvoltages exceeding
1000 V over a large fraction of the (I,V) domain, especially for the lowest junction temperature.

The trends are consistent with the literature [16]: diode snap-off is reported to depend on temperature,
voltage, current, and stray inductance. Higher voltage, lower current, or/and lower temperature increase
the snap-off overvoltage. In [15, 19], the effect of stray inductance on snap-off behaviour has been
demonstrated. Here, the relatively high value of the stray inductance of our test setup (450 nH, in addition
to the clamped snubber inductor) is suspected to be the reason why the snap-off occurs at these levels of
voltage/current/temperature (as a comparison, datasheet values are quoted for a stray inductance value
of 150 nH for the 4.5kV diode). Reducing the stray inductance of the test setup is therefore required to
reduce the area of the operational domain where snap-off occurs.

3.3.3 Snubber reduction impact on losses

The total switching energy losses (E,r + Eon—icer + ErL—snupver) during IGCT turn-on are displayed in
Fig. 9a, for 2kV, 120°C and various snubber inductors. This graph shows a clear reduction of the
switching losses, especially for the highest current values, as the snubber inductor is reduced from 3.4 yH
down to 100 nH.

Figure 9b explains this phenomenon, with the 3.4 uH snubber inductor situation marked with a cross
(’x’) and the 100 nH snubber inductor situation indicated with a circle (’0’): indeed, while the reverse
recovery energy (in blue) is /= 50 % higher for the 100 nH snubber inductor than for the 3.4 uH, the energy
dissipated by the snubber inductor (in orange) is drastically reduced (in the order of a 20-fold reduction).
Downsizing the snubber inductor therefore offers a clear advantage regarding turn-on losses.
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3.3.4 Operation without snubber

Tests without RCD clamp (in the case of the 100 nH inductor) are completed up to 2.4kV and 1.8 kA at
120°C and 90 °C, and 1.7 kV and 600 A at 25 °C with the 4.5kV diode.

Waveforms of tests with and without RCD clamp are displayed in Fig. 10. The resulting peak voltages are
depicted in Fig. 9c at 120 °C and 600 A. Removing the RCD Clamp only results in a moderate increase
of the turn-on losses (green and purple markers in Fig. 9a). This is confirmed in Fig. 9c, which shows
that the peak voltage experienced by the diode increases by = 15%. It is comparable with the increase
in loop inductance: 450 nH in the clamped case (stray inductance only), 4504 100nH in the un-clamped
case (stray inductance + snubber inductor), i.e. a 22 % increase.

As shown in Fig. 9a, losses without RCD (green) are therefore increased compared to the case with
RCD (purple) but are still lower than the losses with a 0.8 pH inductor (and RCD clamp). It must
be noted that the increase in loop inductance caused by removing the RCD-clamp results in a slightly
higher maximum power density inside the diode for the same voltage and current, as shown in Fig. 7 (at
2.4kV/1.8kA/120 °C: 290 kW cm~2 with RCD, 315 kW cm™2 without RCD).

4 Limiting phenomena and failure events

Two destructive events are encountered during the tests. One is directly related to the snap-off of the
diode, the other to dynamic avalanche. These two failure events are displayed in Fig. 11 and are explained
in this section.

4.1 Snap-off

Snap-off can be destructive, as the resulting overvoltage can exceed the blocking capability of the diode.
This is the case in the waveforms in Fig. 11a, for which a peak voltage of 5.8 kV is observed across the
4.5kV diode. Analysis of the failed device shows that 3 of the diode chips in the diode package show
clear signs of degradation (Fig. 11c), with “trenches” at the surface which are indicative of a focused
phenomenon (filamentation, which causes localised melting of the silicon). More details about this
failure mechanism can be found in [11, 15, 16, 17].

4.2 Dynamic avalanche

The dynamic avalanche occurs at a lower voltage than the static breakdown voltage of the diode, during
reverse recovery. During turn-off, the diode blocks an increasing voltage, which is supported by the
depletion region that grows within the drift region. But in certain conditions, especially at high di/dr,
the electric field at the PN junction reaches a value higher than the limit (35kV mm™!), leading to the
destruction of the device. The destructive dynamic avalanche (also called 3rd-degree dynamic avalanche)
is described in more detail in [11, 15, 16, 20].
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(a) Waveforms of failure event due to snap-off. (b) Waveforms of failure event due to dynamic avalanche.
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Fig. 11: Failure events during tests. (a-c-e) Snap-off destructive event: 2400V, 600 A, di/dt of 1.7kA ps™!, 25°C.
Used diode for the pulse: the 4.5kV. (b-d-f) Dynamic avalanche destructive event: 3300V, 2200 A, di/dt of
4.5kAps~!, 25°C. Used diode for the pulse: the 6.5kV.

Fig. 11b shows the waveforms of a failure event attributed to dynamic avalanche, for the 6.5kV diode.
Compared with the snap-off case (Fig. 11a), Vrwp does not exhibit a sharp peak and does not exceed the
static blocking voltage of the diode. dIrwp/dt, is relatively high, at 4.5 kA ps~! (the diode module, which
contains two separate groups of diode chips is rated at 2x4 kA ps™!), and the test current is twice that
of the package (2400 A vs. 2x600 A). This, together with the relatively large stray inductance (450 nH
compared to 280 nH considered for the datasheet SOA figures) led to the diode failure.

Conclusion

Reducing the snubber inductor or removing the RCD clamp in an IGCT-based MMC submodule is found
to be possible without failure at levels up to 2.4 kV/1.8 kA (using the 4.5kV diode). A smaller snubber
leads to lower losses and overall volume (15 L reduction). Removing the RCD clamp slightly increases
switching losses, but the total losses (semiconductor devices and snubber circuit) remain lower than
those observed in the standard case of 3.4 uH inductor and an RCD clamp (5.5 and 13.5J respectively,
at 2kV/2.4kA/120 °C).

Limiting phenomena are observed (snap-off and dynamic avalanche). In real HVDC MMC implemen-
tations, they would be important problems as they occur within the normal operating range of the con-
verter. Indeed, the observed overvoltage at ambient temperature is higher than 1kV at 1700 V for the
4.5kV diode. The relatively high stray inductance of the circuit could be significantly reduced in order
to: (i) reduce the overvoltage during commutations and therefore the losses, (ii) reduce the occurrence
and intensity of the snap-off, (iii) reduce the constraints due to high di/dt and reduce the risk of dynamic
avalanche. It is estimated that re-arranging the various components of the system could yield a reduced
loop inductance of less than 250 nH. Another solution to overcome these issues would be to use silicon
carbide diodes, which have lower reverse recovery (or no reverse recovery at all in the case of Schottky
diodes). The higher cost of these devices could be offset by the removal of the snubber circuit, the gains
in efficiency and the simpler design of the structure.
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