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Abstract 

The Advanced Active Clamping (AAC) functionality implemented in CONCEPT’s SCALE-2 
technology allows multi-level converter topology designs to be simply and safely driven. In 
the event of an IGBT short circuit, all IGBTs no longer have to be turned off in a dedicated 
sequence to avoid excessive IGBT collector-emitter voltages. Instead, the IGBTs can simply 
be turned off as soon as the fault condition is detected, and the AAC function limits the max-
imum collector-emitter voltage of the IGBTs to a safe level. 

1. Introduction 
Multi-level and especially 3-level converters in a neutral-point clamped (NPC) topology 
(Fig. 1 right) are an interesting alternative to 2-level converters (Fig. 1 left) in many applica-
tions including solar, wind power or traction converters [1]. A simple comparison between 
3-level NPC and 2-level converter topologies shows the following: 

 Using IGBTs of the same voltage class, 3-level converters allow the output voltage 
(and power) to be doubled compared to 2-level topologies. 

 In applications where higher voltages are not required, 3-level converters allow lower 
voltage IGBT modules to be used to achieve the same output voltage and power. 3-
level converter designs enable the IGBT switching frequency to be increased, thereby 
reducing the size of passive components such as the output inductors or DC-link ca-
pacitors. The overall system efficiency can also be optimized. 

 3-level converter designs do not require static and dynamic symmetrisation of the col-
lector-emitter voltages, which simplifies the driver design and avoids the use of exter-
nal snubbers. Moreover, the resulting output frequency is doubled when using the 
same IGBT switching frequency. This clearly reduces the size of the passive compo-
nents (see above) and allows switching losses to be reduced. 

 
Fig. 1. Half-bridge 3-level NPC topology (right) versus half-bridge 2-level topology (left) 
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On the other hand, the control of 3-level converters incurs some extra issues: 
 The neutral point potential must be regulated in normal operation as well as in unbal-

anced load conditions. This can be achieved by selecting appropriate redundant vec-
tor states, if vector space modulation is used. 

 The turn-off DC-link stray inductance is typically – at least for the IGBTs S2 and S3 – 
higher than for 2-level converters [1], as the corresponding commutation loops tend to 
increase in size. More consideration is required, therefore, to limit turn-off over-
voltages. 

 Specific commutation sequences must usually be taken into consideration. In regular 
operation, only half of the full DC-link voltage is statically applied to single IGBTs dur-
ing the off-state. Omitting the above requirement may lead to the full DC-link voltage 
being applied to a single switch unless specific counter-measures are used. This is 
especially true in the case of an IGBT short circuit.  
 

The issues raised in the last two points are efficiently solved by using the Advanced Active 
Clamping feature of the SCALE-2 technology. 

2. Advanced Active Clamping (AAC) 
Active clamping has been widely used for many years to limit the collector-emitter voltage of 
an IGBT during the turn-off event [2]. The IGBT is partially turned on as soon as its collector-
emitter voltage exceeds a pre-defined threshold. The IGBT is then maintained in linear 
operation, thus reducing the fall rate of the collector current and therefore the collector-
emitter over-voltage. 

Basic Active Clamping (BAC) topologies implement a single feedback path from the IGBT’s 
collector through transient voltage suppressors (TVS) to the IGBT gate (see Fig. 2 left). In 
SCALE-2’s Advanced Active Clamping (AAC), feedback is also provided to the driver’s 
secondary side at pin ACL (see Fig. 2 right): as soon as the voltage on the right-hand side of 
the resistor R1 increases due to the active clamping activity, the turn-off MOSFET of the 
driver connected to GL is progressively switched off [3,4]. This reduces the charge that flows 
away from the IGBT gate to COM over the turn-off gate resistor Rg,off. The result is a reduced 
IGBT turn-off over-voltage ∆Vce as well as reduced TVS losses. 

 

Fig. 2. External circuit for Basic Active Clamping (left); Advanced Active Clamping (AAC) us-
ing SCALE-2 technology (right) 

Measurements to compare the performance of BAC and AAC under identical operating 
conditions have been performed using CONCEPT’s 1SP0635 driver and Infineon’s 
FZ1500R33HE3 IGBT module. Figure 3 shows the turn-off behavior of the IGBT module at a 
high DC-link voltage of 2200V and a nominal current of 1500A using Basic Active Clamping 
(left) and Advanced Active Clamping (right). The positive influence of AAC on the gate 
voltage and the resulting Vce,peak voltage limitation can clearly be seen. 
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Fig. 3. Turn-off event of FZ1500R33HE3 using 1SP0635 with BAC (left) and AAC (right) at 
Vdc=2200V and nominal collector current Ic=1500A with Rg,off=4.5Ω, Lσ=110nH, 25°C 

Figure 4 compares the TVS energy ETVS as well as the turn-off over-voltage ∆Vce of both 
active clamping methods. The comparison is performed using several DC-link voltages Vdc 
and collector currents Ic. The two right-hand columns of the table show the relationship 
between TVS energy ETVS and ∆Vce over-voltage when using both BAC and AAC. Maximum 
TVS energy is more than three times less using AAC, and  the ∆Vce over-voltage is cut by 
over 1.4 times. These factors become even higher with increased active clamping activity, 
which occurs at higher DC-link voltages, higher DC-link stray inductances or when using 
IGBTs with higher switching speeds. 
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Vdc [V] Ic [A] ETVS [µJ] Vce,peak [V] ETVS [µJ] Vce,peak [V]
2000 750 20 2559 16 2565 1.25 0.99 
2000 1500 40 2682 26 2581 1.54 1.17 
2000 2250 146 2725 46 2552 3.17 1.31 
2000 3000 216 2736 76 2563 2.84 1.31 
2200 750 64 2746 46 2612 1.39 1.33 
2200 1500 184 2808 90 2654 2.04 1.34 
2200 2250 334 2822 134 2640 2.49 1.41 
2200 3000 492 2810 172 2623 2.86 1.44 

Fig. 4. Energy losses per TVS and Vce,peak using BAC and AAC with IGBT module 
FZ1500R33HE3 and driver 1SP0635; Rg,off=4.5Ω, Lσ=110nH, 25°C 

The higher performance of AAC allows increased utilization of the IGBT modules: higher DC-
link voltages, collector currents and/or increased switching frequencies are made possible 
without exceeding the IGBT’s Reverse Bias Safe Operating Area (RBSOA) or thermally-
overloading the driver’s TVS.  

3. Effectiveness of AAC in 3-level Topologies 
Thanks to the powerful Vce,peak voltage limitation provided by AAC, dedicated turn-off 
sequences no longer need to be applied in the event of IGBT short-circuits in 3-level or multi-
level topologies. As soon as an IGBT driver detects a fault condition (e.g. IGBT short circuit), 
it turns off the corresponding IGBT module immediately regardless of its position in the 
converter topology, and a fault signal is transmitted to the user interface within about 450ns. 
If an incorrect turn-off sequence is then applied, the AAC safely limits the maximum Vce 
voltage of the corresponding IGBT. The host controller only needs to apply a common turn-off 
pulse to all IGBTs to avoid thermal overload of the IGBT drivers. 
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The following investigations were performed using an Infineon F3L200R07PE4 650V/200A 3-
level NPC1 IGBT module with a 2SC0108T2D0-07 SCALE-2 driver. The typical TVS 
breakdown voltage is set to 479V at 1mA/25°C to allow a maximum DC-link voltage Vdc of 
870V (both half DC-link voltages are set at the same value for all measurements). Three 
different scenarios are considered: two short-circuit conditions and a regular switching event, 
each with an incorrect turn-off sequence. 

3.1. Short Circuit between Middle Point (MP) and Neutral Point (0)  
A short-circuit path is introduced between the middle point MP and the neutral point 0 in the 
topology of Fig. 1 right. The measurement shown in Fig. 5 is performed with the maximum 
DC-link voltage Vdc of 870V. Initially, all switches are in the off-state (a). IGBT S3 is then 
turned on (b). The half DC-link voltage of 435V is applied to Vce4, and no short-circuit current 
flows. When IGBT S4 is turned on (c), the short-circuit current Ic4 increases through S3 and 
S4 until firstly IGBT S3 desaturates, followed a little later by S4. A dedicated turn-off 
sequence would require turning off IGBT S4 prior to S3. But S3 is turned off first (d). Without 
protective measures, the short-circuit current would commutate to the diodes D1 and D2 in 
Fig. 1 right, leading to the full DC-link voltage of about 870V being applied to Vce3, 
considerably exceeding the maximum IGBT voltage capability. Figure 5 clearly shows the 
voltage limitation of Vce3 to a maximum value of 500V during the full turn-off phase (d). When 
the short-circuit current is completely turned off, the half DC-link voltage of 435V is applied to 
Vce3 (e). 
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Fig. 5. Incorrect turn-off sequence during short circuit between MP and 0 

3.2. Short Circuit between Middle Point (MP) and DC-link Plus (P) 
A short-circuit path is now introduced between the middle point MP and the DC-link plus (P) 
in the topology of Fig. 1 right. The measurement shown in Fig. 6 is performed with a DC-link 
voltage Vdc of 550V. Initially, all switches are in the off-state (a). IGBT S3 is then turned on 
(b). A short-circuit current IL begins to flow from P to MP, S3 and D6. Half of the DC-link 
voltage Vdc is applied to Vce4. About 1µs later, S4 is turned on (c). The short-circuit current 
commutates quickly from D6 to S4 (increase of Ic4). When IGBT S3 desaturates, its current is 
strongly reduced due to the short-term Vce3 over-voltage (not shown in Fig. 6). As the short-
circuit current IL remains relatively stable due to its inductive behavior, a current flow 
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effectively equal to IL–Ic4 is produced through diodes D1 and D2 during the entire phases (d), 
(e) and (f). The full DC-link voltage Vdc is consequently applied between MP and N. AAC 
safely limits the voltage Vce3 to about 500V during this time (Vce3 is higher shortly after the 
desaturation of S3, but does not exceed IGBT RBSOA). The difference between the DC-link 
voltage Vdc and Vce3, approximately equal to 550V-500V=50V, is applied over stray 
inductances available between MP, S3, S4 and N, as S4 is still saturated, which leads to a 
further increase of Ic4, albeit at a reduced rate (d). 

When S4 desaturates (e), the current Ic4 stops increasing. A dedicated turn-off sequence 
would require S4 to be turned off first. But S3 is actually turned off first (f). The effect is 
almost imperceptible, as shown in Fig. 6. The reason is simple: AAC already limits the Vce3 
voltage, which cannot therefore increase any more. The driver tries to reduce the gate-
emitter voltage of S3, but the AAC function prevents this action. Looking more closely at 
Fig. 6, one can see a slight increase of Vce3 starting at the beginning of (f). This behavior is 
probably also caused by the increasing TVS temperature, leading to a slight increase in their 
breakdown voltages. The IGBT S4 is then turned off (g) and Ic4 ramps quickly down to zero. 
The corresponding Vce4 voltage is safely limited by the AAC of S4. The DC-link voltage is 
applied equally over S3 and S4 as soon as S4 is completely turned off (Ic4=0A). The short-
circuit current IL which now completely flows through D1 and D2 then gradually reduces to 
zero. 
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Fig. 6. Incorrect turn-off sequence during short-circuit between MP and P 

3.3. Incorrect Commutation Sequence during Regular Switching Operation 
The effectiveness of AAC was also tested in the event of an incorrect commutation sequence 
during regular switching operation. A 65µH inductor is inserted between P and MP as the 
load. The measurement in Fig. 7 is performed with a DC-link voltage Vdc of 870V. All switches 
are initially in the off-state (a). When IGBT S3 is turned on (b), the load current IL through the 
inductance L begins to ramp up (applied voltage: 435V). IGBT S4 is then turned on (c). The 
voltage across the inductance L is consequently doubled to Vdc=870V and the load current IL 
commutates quickly from D6 to S4. The correct commutation sequence would be to turn off 
the IGBT S4 prior to S3 to allow commutation of the current from S4 to D6, which would 
clamp the Vce4 voltage to half of the DC-link voltage Vdc. S3 is however turned off first (d). 
Without AAC, the load current IL would commutate to D1 and D2. The full DC-link voltage Vdc 
of 870V would therefore be applied to Vce3. However, AAC safely limits the Vce3 voltage during 
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the full phase (d) to about 520V. (At the very beginning of (d) Vce3 rises to 600V for about 
50ns.) The load current is then forced to flow further over S3 and S4 to avoid flowing through 
D1 and D2. The rate of increase of Ic4 is correspondingly reduced, as the voltage applied to 
the load inductance L is reduced from 870V to about 870V-520V=350V. IGBT S4 is then 
turned off (e). The load current immediately commutates to D1 and D2. Voltages Vce3 and 
Vce4 are consequently reduced to about 50% of the DC-link voltage Vdc each. Voltage Vce4 is 
also safely limited during the S4 turn-off event to about 600V. 

Incorrect commutation sequences during regular switching operation must, however, be 
avoided. Such sequences may lead to thermal overload of the IGBT module and of the 
driver’s TVS, as the active clamping activity during the corresponding phase may be much 
longer than the duration of an IGBT short circuit. 
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Fig. 7. Incorrect commutation sequence during regular switching operation 

4. Conclusion 
The effectiveness of Advanced Active Clamping in the SCALE-2 technology in limiting the 
maximum IGBT collector-emitter voltage in 3-level NPC topologies when an incorrect turn-off 
sequence is applied has been demonstrated. Therefore, a dedicated turn-off sequence no 
longer needs to be applied in the event of an IGBT short-circuit. This simplifies the short-
circuit management of multi-level converters and allows standard 2-level IGBT gate drivers to 
be used in multi-level topologies without changes. The host controller only needs to apply a 
common turn-off pulse to all IGBTs in the system as soon as an IGBT short-circuit is 
detected. AAC offers passive and efficient protection against IGBT collector-emitter over-
voltages of any kind at any time. 
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