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1. Introduction

3-level topologies are mainly used in UPS and solar applications due to their high efficiency and low harmonic
distortion of the grid. This application note describes the control and protection of power semiconductors in
3-level NPC and TNPC topologies. In this context the term IGBT is synonymous with power semiconductors.
Essential for the design of the driver is to limit the voltage at the IGBT and handling of short circuits. This
application note is structured accordingly.

After this introduction, chapters 2 and 3 explain the structure and switching pattern of the 3-level topology.
Chapter 4 describes the commutation circuits and how to limit the voltage at the IGBT. Chapters 5 and 6 deal
with the different short circuit scenarios and the design of the short circuit protection. The last chapter deals
with special features of a short circuit detection. It is recommended to read the application note “3L NPC &
TNPC Topology” [3] first.

2. 3-Level Topology

The most common 3-level topologies are NPC and TNPC. Both topologies have four IGBTs per phase and
therefore require four driver stages for control.
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Figure 1: 3-Level TNPC (left) and NPC topology (right); IGBTs T1 and T4 are referred to as
“outer switches”, IGBTs T2 and T3 are called “inner switches”
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The driver stages can be designed with single drivers but also with commercially available dual drivers. The
Semikron Danfoss SKYPER42LJ and SKYPER12 driver platforms are particularly suitable for 3-level
applications due to their adjustable response to a short circuit detection. Figure 2 shows the possible
connections of dual drivers to an NPC phase leg. This applies also to the TNPC topology because both
topologies make use of the same pulse pattern. Referring to Figure 2 the following variants exist.

a) Driver 1 on IGBT T1 and T2. Driver 2 on IGBT T3 and T4.

b) Driver 1 on the outer IGBTs and driver 2 on the inner IGBTSs.

c) Driver 1 onT1 and T3 and driver 2 on T2 and T4.

With variant a) and b) it must be possible to turn off the interlock function of the driver, because both IGBTs
may be switched on at the same time. This application note discusses examples for both variants.

With the 3-level topology, IGBT T1 and T3 are switched inverted with an interlock delay time between the
switching states. Therefore, a standard half-bridge driver with interlock and dead time function can be used
for variant c. The dead time does then not need to be generated by the controller. The same applies to IGBT
T2 and T4.
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Figure 2: NPC with dual driver
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3. Switching Pattern of a 3-Level Converter

3.1 NPC topology

To protect the IGBTs from excessive voltage, the external IGBTs must be switched off prior to the internal
IGBTs. The current commutates to diode D5 or D6, limiting the voltage at the IGBT to half the DC-bus voltage
(1/2 VDC). The commutation is shown in Figure 3 a positive current. This behaves analogously with a negative
current. However, if IGBT T2 is switched off whilst IGBT T1 is switched on, the current commutates to the
diodes D3 and D4. The full voltage Vpc is then applied to T2. If the Vpc is higher than the blocking voltage of
the IGBT, it will be destroyed.

Figure 3: NPC: correct and wrong switching pattern
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3.2 TNPC topology

As with NPC, in the TNPC configuration the outer IGBTs should be switched off prior to the inner IGBTs. As
shown in Figure 4, the current commutates from T1 to D3 and T2. If, however, T2 is switched off prior to T1,
the current commutates to D4 and not to the horizontal branch D3, T2. The commutation is then like a 2-
level circuit. The peak voltage is higher because the commutation circuit is larger, and the full DC-bus voltage
is applied.

© by Semikron Danfoss International / 2024-08-07 / Application Note / AN 19-001 @ Page 4/17
PROMGT.1023/Rev.12 .pe .
Classified as Public



SEMIIKRON

DANFOSS
Figure 4: TNPC: correct and wrong switching pattern
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4. IGBT Peal Voltage

4.1 NPC topology

The NPC topology has two different commutation circuits, the short and the long commutation circuit. Figure
5 shows the commutation circuits for a positive current. The commutation loop is symbolized by the green
rectangle. With active power (Iowt>0 and Vouit>0) the commutation takes place in the small commutation
circuit, and with reactive power (Iout>0, Vout<0) in the large commutation circuit. The leakage inductances
and thus the peak voltage during switching are higher with the large commutation circuit than with the small
one. To limit the peak voltage, the gate resistors can be adapted, or the voltage can be limited via a so-called
"active clamping" circuit.

When limiting with the gate resistors, it should be noted that in modern IGBTs the switch-off process can only
be controlled to a limited extent via the gate resistor [4].

Figure 5: NPC short and long commutation loop
DC+ DC+
om [
T1 D1 T1 D1
|_ Off
P —b
D5 D5
T2 D2 T2 D2
On e
OJ AC AC
13 H: D3 13 D3
I On
11 11
N N L
D6 T4 2 T4
D4 D4
Off I
QC- DC-
© by Semikron Danfoss International / 2024-08-07 / Application Note / AN 19-001 @ Page 5/17

PROMGT.1023/Rev.12 . .
/Rev Classified as Public



SEMIIKRON
DANFOSS

In the active clamping circuit, diodes with Zener characteristics are connected from the collector to the gate.
The voltage level where the clamping starts is set by the breakdown voltage of the diode chain. If, during a
switch off, the Ve rises beyond the Vzener the clamping diodes become conductive. This current switches the
gate on again until the Vce voltage is reduced below the Vzener reference.

Figure 6: Active clamping circuit
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4.2 TNPC topology

In TNPC topology, the inner IGBTs and the outer IGBTs have the same commutation circuit. The blocking
voltage of the horizontal IGBTs (T2, T3) is often lower than the vertical IGBTs (T1, T4).

Example: Maximum DC-link voltage = 1000V.

T1/T4 = 1200V IGBT/diode. Margin 1200V-1000V = 200V.

T2/T3=650V IGBT/diode. Margin 650V-500V = 150V.

In this case voltage limiting measures like active clamping are often necessary for the horizontal IGBTSs.

Figure 7: TNPC commutation loop
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5. Short Circuit Scenarios

The following deals with different short circuit scenarios.
e Short circuit outside the system beyond the device terminals (Figure 8). It is assumed that the inverter
features current measurement and a line choke in each phase leg.
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e Short circuit within the system in front of the choke (Figure 9). This is a fault in the system, for
example an insulation defect or metal parts in the system.

In both cases, a distinction is made between a short circuit of
e phase to phase or

e phase to the DC-link.

To explain the short circuit phase to phase, only two phases of the inverter are shown and for a short circuit
phase to DC-link only one phase. The illustrations show the NPC variant, but the considerations also apply to
the TNPC.

5.1 Short circuit at the inverter output

The current sensor is in the short circuit path. When an overcurrent threshold is reached, the IGBTs are
switched off in a specified sequence: first the outer IGBTs and then the inner IGBTs. The IGBTs should be
switched off before the IGBT desaturates. This requires both fast current acquisition and an evaluation circuit.
A positive effect is that the current rise is limited by the choke. If only looking at this type of short circuit, no
short circuit detection is necessary for the IGBT. However, if the current still rises until the IGBT is
desaturated, perhaps because the current detection is too slow, then this case must be considered as
described in 5.2.

The desaturation of the IGBT usually occurs at 3-8 times of the nominal current, which may lead to the
destruction of the IGBT. See [2] section 5.7.2. for a more detailed explanation of the desaturation behavior.
For an explanation of the “"Dynamic short circuit protection”, see the technical explanation of the driver board
[5] and [6].

Figure 8: Short circuit at inverter output
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5.2 Short circuit inside the inverter

The short circuit current is not detected by the current sensor. The current rises until the IGBT desaturates.
The desaturation of the IGBT is detected by the dynamic short circuit protection of the driver. If the short
circuit occurs close to the module, the current may rise at several kA/us. This operation is only permitted if a
short circuit time (tpsc) with short circuit conditions is specified in the IGBT datasheet.

As shown in Figure 9, the current always flows through one of the outer IGBTs during a short circuit from
phase to phase. If only inner IGBTs were involved, no short circuit current would flow because only the
N-potentials are connected. With a short circuit phase to DC it is possible that only one inner IGBT is involved.

© by Semikron Danfoss International / 2024-08-07 / Application Note / AN 19-001 € Page 7/17

PROMGT.1023/Rev.12 . .
/Rev Classified as Public



SEMIIKRON

DANFOSS
Figure 9: Short circuit inside the inverter
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Another scenario of short circuit is the simultaneous switch-on of several IGBTs (e.g. T2, T3 and T4) due to
incorrect control. If the DC voltage is higher than the blocking voltage of the IGBT, the IGBT that is turned
on last (e.g. T1) will be destroyed by overvoltage if no active clamping limits the voltage.

6. Short Circuit Protection Design

In the event of a short circuit at the inverter output, overcurrent detection with a current sensor in each phase
is sufficient, as shown in 5.1. In the following sections only the more severe internal short circuit of the
inverter is considered.

6.1 Phase to phase short circuit protection

As the short circuit current always flows via one of the outer IGBTSs, short circuit detection on these IGBTs is
sufficient. In the event of a short circuit detection, the IGBT is immediately turned off via a soft-off resistor
that is many times higher than the normal gate resistor. This allows the voltage at the IGBT to be limited to
permissible values. The current commutates from the external IGBTs to the diodes D5 or D6. The error signal
generated by the driver is fed to the controller on the user side, which in turn must switch off the inner switch
within tpsc. To protect the inner switches from too high voltage when turned off with the standard Rq an active
clamping circuit may be necessary.

In order to maintain this switch-off sequence, the inner IGBT must not switch off immediately if a short circuit
is detected at the outer IGBTSs, but only when the current from the IGBT has commutated to diode D5 or D6.
This has to be considered when selecting the drivers and the error/fault handling. Figure 10 shows the timing
diagram for a positive current.

The conditions for TNPC are analogous. T1 detects the short circuit and turns off softly. The current
commutates to D3 and T2. T2 is then switched off hard at high current.

For an explanation of soft-off resistors please see the technical explanation of the driver board [5] and [6].
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Figure 10: Timing diagram for short circuit detection at an outer IGBT
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This protection is implemented in the Semikron Danfoss SEMIX5 TNPC and NPC application sample.
Two SKYPER12 are used, one for T1, T2 and the other for T3, T4. Both drivers are operating in NPC mode.
This means that the driver switches off on error but not the second stage of the driver board.

Figure 11: Driver board arrangement Semikron Danfoss SEMiX®5 TNPC and NPC Application
Sample
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Figure 12: Semikron Danfoss “"SEMiX®5 TNPC and NPC"” Application Sample

See [7] “TE - SEMiX5 1200V MLI SKYPER12 Driver Board” and [8] "“TE - SEMiX5 TMLI SKYPER12 Driver
Board”

6.2 Phase to phase and phase to DC short circuit protection

Short circuit detection for the outer and inner IGBTs must be implemented for this purpose. In this case both
phase-phase, phase-DC and phase-ground short circuits can be switched off.

If a short circuit is detected by the outer IGBTs, the shutdown is performed as described in section 6.1.

If a short circuit is detected by the inner IGBTs, these IGBTs do not switch off. The driver generates an error
message. The controller on the user side then turns off the outer IGBTs if they were switched on. Once the
current from the IGBT has commutated to the diodes D5/D6, the inner IGBTs are switched off. The switch-
off sequence has to be managed by the control board. This short circuit switch off must occur within tpsc.. The
outer switches are turned off with the standard Ryosr. Figure 13 shows the timing diagram for a positive current.
This switch-off sequence can be guaranteed with the SKYPER42L] driver in the NPC module. In this mode,
the IGBTs are not switched off when a short circuit is detected, but only an error is transmitted. Due to this
stored error, the IGBTs are switched off with the soft-off resistor at the next regular switch-off pulse and can
thus be protected against overvoltage.

This protection is implemented in the 2//SEMIX5 TNPC and NPC application sample. Two SEMIX5 modules are
connected in parallel for an output power of approx. 250kW. Two SKYPER42LJ are used. The driver can be
set to 2-level or MLI mode via a pin. The MLI application sample needs no active clamping diodes due to
sufficient voltage margin while the TMLI offers active clamping diodes on inner IGBTs.

The driver for the inner IGBTs is operated in NPC mode and the outer IGBTs in 2-level mode. In a short circuit
situation the IGBT turns off via the soft-off resistor.
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Figure 13: Timing diagram for short circuit detection at an inner IGBT
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Figure 14: Semikron Danfoss “2//SEMiX®5 TNPC and NPC” Application Sample

See [9] “TE - SEMiX5 1200V TMLI Parallel Driver Kit” and [10] “TE - SEMiX5 1200V MLI Parallel Driver Kit”".
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Figure 15: Driver board arrangement “2//SEMiX®5 TNPC and NPC"” Application Sample
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The best protection is guaranteed if all IGBTs have short circuit detection and active-clamping voltage limiting.
In this case, each IGBT can be switched off immediately in the event of a short circuit without having to pay
attention to a particular switching sequence. In case of an error message of one IGBT, all others are switched
off immediately. 2-level drivers may be used. The disadvantage of this circuit is the high number of Zener

diodes which increase cost and require space on the driver PCB. This protection is implemented in the
SEMITRANS 10 NPC application sample.
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Figure 16: SEMITRANS®10 NPC Application Sample
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See [11] “TE - ST10 MLI Driver Board - 11.04.2019_rev04.pdf”.

7.

Special Driver Board Setup for 3-Level

Short circuit detection and short circuit turn-off is more difficult with the NPC than with the TNPC. With the
TNPC only one IGBT is in current conduction mode at the time of a short circuit, whereas with the NPC two
IGBTs connected in series can be energized. When using IGBTs of the same type, both IGBTs may desaturate
at the same time. This condition is undesirable because the IGBTs in desaturated condition have a high gain
(large current change with small gate voltage change) and therefore tend to oscillate, which can result in
destruction. The following describes options to prevent this.

a.

b.

The case of desaturation is excluded by only allowing short circuits at inverter output. As described in
5.1.

All four IGBTs feature active clamping and short circuit detection. If a short circuit is detected, the
IGBT is switched off immediately. As described in 0, Figure 16.

All four IGBTSs feature active Clamping and the short circuit detection exists only for the outer switches.
See Figure 17c. In addition, the inner IGBTs are supplied with a higher gate voltage than the outer
IGBTs (e.g. with 17V). This is to ensure that the outer IGBTs always desaturate first. A disadvantage
is that with an AC to DC short circuit, in which the outer switch is not involved, the short circuit current
for the inner IGBTs becomes very high due to the higher gate voltage. The IGBT must then be switched
off earlier than the specified short circuit time tpsc in order not to be thermally destroyed.

All four IGBTSs feature active clamping, yet a short circuit detection only exists for the inner switches.
See Figure 17d. In addition, the outer IGBTs are supplied with a higher gate voltage than the inner
IGBTs (e.g. with 17V). This is to ensure that the inner IGBTs always desaturate first. Hence, all short
circuit cases can be detected. If a short circuit is detected, the IGBT is turned off immediately and an
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error message is generated. The outer IGBTs are then turned off immediately. The Active Clamping
circuit protects the IGBT from overvoltage, even if the inner IGBT turns off before the outer one.

Sometimes different Vce short circuit detection levels and blanking times for inner and outer IGBTs are
implemented to ensure the switch-off sequence. In practice, this measure usually does not work because
component tolerances have a greater effect than the adjustable difference in Vce detection level and blanking
times.

Figure 17: Possibilities of short circuit detection on NPC topology with higher gate voltage
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8. Summary

Driver board configuration for peak voltage limitation and short circuit (SC) protection for both NPC and TNPC
topology has been explained. For both outer IGBTs shall switch off prior to the inner IGBTs to limit the peak
voltage.

Beside SC consideration, a peak voltage limitation by active clamping on the inner IGBTs may be necessary
for TNPC circuit due to lower voltage margin and for NPC circuit because of higher inductance in the long
commutation loop.

The SC in TNPC topology is easier since only one IGBT is conducting. NPC topology is more difficult to handle
since two IGBTs are connected in series, which could lead to simultaneous desaturation of both devices.
With desaturation detection only on outer IGBTs the SC between phases is detected but not from phase to
ground. However, this solution is attractive since the effort and component count is relatively low and the
3level safe turn off sequence is guaranteed. Active clamping on inner IGBT may still be necessary.

For SC protection to ground and between phases a desaturation detection on all IGBT has to be implemented.
With different gate voltage on inner and outer IGBT of the NPC circuit the desaturation detection only on two
IGBT is sufficient because the desaturation sequence is defined.

With active clamping diodes on all IGBTs the IGBT can be turned off immediately when the SC is detected.
The advantage is that no switch-off regime has to be implemented and standard 2-level drivers can be used.
However, high humber of components especially Zener diodes are needed which reduces the reliability of the
system. Further, the design of active clamping is challenging because of diode tolerances.
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If the SC current can be switched off by an AC side current sensor before the IGBT desaturases no desaturation
detection on IGBT is needed. That is usually the case if the current slope is limited by an AC side choke. This
reduces the driver effort significantly with the drawback of no short circuit robustness before the AC choke,
e.g. due to isolation defects or wrong assembly in manufacturing.

It is up to the system designer to decide which protection level is sufficient for the application.
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Symbols and Terms

Letter Symbol Term

DC+, DC-, N, AC IGBT module power connection

G, E IGBT module gate, emitter connection

Vpc DC-link voltage

Ve IGBT collector-emitter voltage

Ve IGBT gate-emitter voltage

Rg Driver board gate resistor

Vzener Trigger voltage of Zener diode

Vp Positive gate voltage

Vi Negative gate voltage

tpsc Maximum time for short circuit duration

PE Protective Earth

Error T1, Error T2 Error signal from IGBT T1 driver stage, IGBT T2 driver stage

It1, It2, Ibs Current of IGBT T1, T2 and Diode D5

TOP Top stage

BOT Bottom stage

NPC Inverter Neutral Point Clamped Inverter

MLI Multi Level Inverter (same than NPC inverter)

TNPC Inverter T-type of Neutral Point Clamped Inverter

TMLI T-type of Multi Level Inverter (same than TNPC inverter)

A detailed explanation of the terms and symbols can be found in the "Application Manual Power
Semiconductors" [2].

© by Sem

PROMGT.1023/Rev.12

ikron Danfoss International / 2024-08-07 / Application Note / AN 19-001 ¢ Page 16/17
Classified as Public



SEMIKRON
DANFOSS

References

[1] www.semikron-danfoss.com
[2] A. Wintrich, U. Nicolai, W. Tursky, T. Reimann, “Application Manual Power Semiconductors”, 2nd edition,
ISLE Verlag 2015, ISBN 978-3-938843-83-3

[3] I. Rabl, "3L NPC, TNPC & ANPC Topology”, Application Note AN 11-001 - rev06, Semikron Danfoss,
www.semikron-danfoss.com

[4] A. Wintrich “IGBT4 and free wheeling diode CAL4 in IGBT modules”, AN-9001, Rev. 02, SEMIKRON
INTERNATIONAL GmbH 2009

[5] J. Krapp “Technical Explanation SKYPER® 12", Rev. 05, SEMIKRON INTERNATIONAL GmbH 2017
[6] J. Krapp “Technical Explanations SKYPER® 42 LJ”, Rev. 11, SEMIKRON INTERNATIONAL GmbH 2017

[7] I. Rabel “"TE - SEMiX5 1200V MLI SKYPER12 Driver Board”, Rev. 04, SEMIKRON INTERNATIONAL GmbH
2019

[8] I. Rabl “TE - SEMiX5 TMLI SKYPER12 Driver Board”, Rev 06, SEMIKRON INTERNATIONAL GmbH 2019

[9] I. Rabl “TE - SEMiX5 1200V TMLI Parallel Driver Kit”, Rev 04, SEMIKRON INTERNATIONAL GmbH 2019
[10]1. Rabl “TE - SEMiX5 1200V MLI Parallel Driver Kit *, Rev. 06, SEMIKRON INTERNATIONAL GmbH 2019
[11]3. Lamp “TE - ST10 MLI Driver Board”, Rev. 04, SEMIKRON INTERNATIONAL GmbH 2019

IMPORTANT INFORMATION AND WARNINGS

The information provided in this document may not be considered as any guarantee or assurance of product characteristics
("Beschaffenheitsgarantie"). This document describes only the usual characteristics of Semikron Danfoss products to be
expected in typical applications, which may still vary depending on the specific application. Therefore, products must be
tested for the respective application in advance. Resulting from this, application adjustments of any kind may be necessary.
Any user of Semikron Danfoss products is responsible for the safety of their applications embedding Semikron Danfoss
products and must take adequate safety measures to prevent the applications from causing any physical injury, fire or
other problem, also if any Semikron Danfoss product becomes faulty. Any user is responsible for making sure that the
application design and realization are compliant with all laws, regulations, norms and standards applicable to the scope of
application. Unless otherwise explicitly approved by Semikron Danfoss in a written document signed by authorized
representatives of Semikron Danfoss, Semikron Danfoss products may not be used in any applications where a failure of
the product or any consequences of the use thereof can reasonably be expected to result in personal injury.

No representation or warranty is given and no liability is assumed with respect to the accuracy, completeness and/or use
of any information herein, including without limitation, warranties of non-infringement of intellectual property rights of any
third party. Semikron Danfoss does not convey any license under its or a third party’s patent rights, copyrights, trade
secrets or other intellectual property rights, neither does it make any representation or warranty of non-infringement of
intellectual property rights of any third party which may arise from a user’s applications. This document supersedes and
replaces all previous Semikron Danfoss information of comparable content and scope. Semikron Danfoss may update and/or
revise this document at any time.
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