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Turn-On Oscillation Damping for Hybrid IGBT 
Modules

Nan Zhu, Xingyao Zhang, Min Chen, Seiki Igarashi,  Tatsuhiko Fujihira, and Dehong Xu

Abstract—In a hybrid IGBT module with SiC diodes as 
free-wheeling diodes, high frequency oscillation occurs during 
turn-on due to the fast switching transient of SiC diode and 
the resonance between circuit parasitic inductances and the 
junction capacitance of SiC diode. Such oscillation causes EMI 
noise which may affect the performance of the system. Methods 
to mitigate the turn-on oscillation are studied. Firstly, the effect 
of gate drive parameters on turn-on oscillation is investigated 
with respect to different gate voltages and gate charging 
currents. Then a novel turn-on oscillation suppression method 
is proposed with combination of damping circuit and active 
gate driver. The proposed oscillation suppression method can 
achieve the lowest EMI noise while remaining the advantage 
of lower switching loss brought by SiC diodes. Detailed 
theoretical analysis of the turn-on oscillation is conducted, and 
experimental results are given to verify the effectiveness of the 
proposed oscillation suppression method.

Index terms—Hybrid IGBT module, SiC SBD, turn-on 
oscillation damping, active gate driver

nomenclature

vCE1, vCE2, vCE Collector-emitter voltage of the IGBT
iC1, iC2, iC   Collector current of the IGBT
vGE  Gate-emitter voltage of the IGBT
iG1, iG2, iG   Gate current of the IGBT
vG Gate voltage provided by the voltage 

source gate drive circuit
V+, V- High and low level voltages of the voltage 

source gate driver
IG Gate current of IGBT provided by the 

current source gate driver
VDC  DC bus voltage
IL Load current of the inductive switching 

test
Rg,int  Internal gate resistance of IGBT module
Rg,ext  External gate resistance of IGBT module

CS  Capacitance of the RC damping circuit
RS  Resistqance of the RC damping circuit
vCs  Voltage of the damping capacitor
iS Current flowing though the RC damping 

circuit
idc  DC bus current
IOSC_MAX  Maximum oscillation current
ts  Settling time of oscillation
Lp  Stray inductance of the DC bus bar
L1C, L1eE, L1E, L2C, L2eE, L2E   
  Stray inductances in the IGBT module
Lm=L1C+L1eE+L1E+L2C+L2eE+L2E 
 Lumped stray inductance of the IGBT 

module
Rp Parasitic resistance of the commutation 

loop
CCE1, CCE2 Combination of the collector-emitter 

capacitance of IGBT and junction capaci-
tance of the anti-parallel SiC SBD

CGE1, CCG1, CGE2, CCG2

 Gate-emitter and collector-gate capa-
citances of the IGBT

gfe  Transconductance of the IGBT
Eon  Turn-on energy loss of the IGBT
Edamp,on, Edamp,off Loss in the damping  resistor during turn-

on and turn-off

I. IntroductIon

HOW to reduce power semiconductor device losses 
seems to be a permanent topic in power electronics 

world. In recent years, SiC devices have attracted more and 
more attention due to their superior characteristics. Since the 
reverse recovery loss of free-wheeling diode has a big share 
of the total switching loss of all-Si IGBT module, hybrid 
IGBT modules occurs by replacing the Si free-wheeling 
diodes with SiC schottky barrier diodes (SiC SBDs) [1]-
[3]. Hybrid IGBT module has eliminated the diode reverse 
recovery process so that the IGBT turn-on loss and diode 
reverse recovery loss are largely reduced. It is a promising 
solution with the optimization of both performance and 
cost. However, although diode reverse recovery process is 
eliminated by using SiC SBD, the effects caused by junction 
capacitance are still present. Since the drift layer of a SiC 
SBD is thinner than Si diode, with the same chip area, the 
junction capacitance of SiC SBD is larger than Si diode 
[4]. Due to the extremely fast recovery process of SiC SBD 
and the resonance between the junction capacitance of SiC 
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SBD and the circuit parasitic inductances, high frequency 
oscillation occurs during the turn-on process of hybrid 
IGBT module. This problem has been found by previous 
researchers as reported in [1]. In [5], the conducted EMI 
noise in a Boost converter utilizing SiC diode is evaluated. It 
is shown that compared to Si diode, the Boost converter with 
SiC SBD has larger conducted noise in the high frequency 
range caused by the oscillations in the SiC SBD. Fig. 1 
shows the turn-on waveforms under 500 V DC bus voltage 
and 100 A load current. Fig. 1(a) is the result of a hybrid 
IGBT module while Fig. 1(b) is the result of a traditional all-
Si IGBT module, where vCE is the collector-emitter voltage, 
iC is the collector current and vGE is the gate-emitter voltage, 
respectively. The reverse recovery current is significantly 
reduced in the hybrid IGBT module. However, a high 
frequency oscillation occurs in the collector current of IGBT 
during turn-on process. It may cause EMI problems affecting 
the operation of other systems [1].

(a)

(b)

Fig. 1.  Turn-on waveforms of (a) Hybrid IGBT module and (b) All-Si 
IGBT module.

It is natural to consider about improving the gate driver 
to damp this turn-on oscillation. Previous studies have 
considered using active gate driver to solve the EMI issues 
related to di/dt and dv/dt and the current and voltage 
overshoots that may affect the safe operation of IGBT 
module [6]-[22]. Applying the active gate driver solutions, 
the collector current overshoot during the turn-on interval 
of an IGBT can be reduced by steering the current slew 
rate. Meanwhile, by accelerating the other stages the total 
turn-on time and loss would not increase significantly. In 
[20], a method of optimizing the gate resistance of the low 
side switch is proposed to accelerate the damping of the 
phase node ringing in a synchronous Buck converter. A 
simplified RLC model is developed to study the relation 
between the phase node ringing and circuit parasitics. In 

[21], a gate charge control method is studied to suppress the 
turn-off voltage oscillation of SiC MOSFET. However the 
effectiveness of active gate driver on suppressing the high 
frequency turn-on oscillations of hybrid IGBT modules has 
not been fully analytically and experimentally discussed 
which will be one of the purposes of this paper.

Another possible solution for the oscillations is the 
application of additional damping circuits. As illustrated 
in [23], RC and RCD snubber networks are effective in 
suppressing the voltage overshoot during IGBT turn-off and 
the diode voltage spike during IGBT turn-on (free-wheeling 
diode turn-off). In [24], RC snubbers are parallel connected 
to SiC MOSFETs to mitigate the dv/dt and voltage oscilla-
tion during turn-off. In [25], SiC PiN diodes are used with 
Si IGBTs in a Buck converter. The oscillations during 
diode turn-off (IGBT turn-on) are studied. To mitigate the 
oscillations, an RC circuit is parallel connected to the SiC 
PiN diode. The added capacitor charges and discharges in 
every switching cycle, causing a regardless amount of extra 
loss. In [26], methods to damp the switching oscillations 
of normally-off SiC JFET are studied. An RC circuit is 
used across the DC bus, and the values of the resistor and 
capacitor are experimentally adjusted to reach the most 
satisfied performance. In [27], SiC SBD and SiC MOSFET 
are used in a double pulse switching test circuit, and the 
turn-on and turn-off oscillations are analyzed. A similar 
RLC model as in [21] is derived to analyze the oscillation 
effects. RC snubbers are used to bring the system into 
overdamped condition so that oscillations can be mitigated. 
However, the side-effects such as the extra loss caused by 
the RC snubber circuit are not evaluated. It is still unclear 
whether the snubber circuit is effective in mitigating the 
turn-on oscillation of hybrid IGBT module without causing 
significant side-effects. Therefore, it is one of the objectives 
of this paper to find the appropriate structure and design of 
the damping circuit which can effectively suppress the turn-
on oscillation of hybrid IGBT module without causing large 
increases in current overshoot and switching losses.

In this paper, a turn-on oscillation suppression method is 
proposed with combination of damping circuit and active 
gate driver. First to evaluate the influences of active gate 
driving on turn-on oscillation, different gate voltages and 
gate charging currents are used. It is found that by changing 
gate drive parameters the current overshoot can be reduced, 
however the duration of oscillation cannot be shortened. To 
accelerate the damping of turn-on oscillation, oscillation 
damping circuits are studied. The detailed theoretical 
analysis of the damping circuit is given to illustrate the 
optimized design of damping circuit parameters. Then the 
experimental results of the damping circuit are given to 
verify its effectiveness in accelerating the damping of turn-
on oscillation and to validate the theoretical analysis. At 
last, to suppress the turn-on current overshoot, active gate 
driver method is used without largely increasing the turn-on 
energy loss. The combination of damping circuit and active 
gate driver makes it possible to simultaneously realize turn-
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on current overshoot suppression and turn-on oscillation 
damping, which will be an optimized solution to achieve the 
desired low EMI performance.

 II. InfluenceS of gate drIVer on turn-on 
oScIllatIon

To study the gate drive controllability of turn-on current 
oscillation in hybrid IGBT module (Fuji Electric: 400 
A/1700 V, 2MSI400VE-170-50), experimental research on 
the influence of gate driver is carried out. Basically IGBT 
gate drivers can be divided into two categories: voltage 
source gate driver and current source gate driver. Therefore, 
by analyzing the performances of different voltage source 
and current source gate drivers, the influence of gate drive 
parameters on turn-on oscillation can be evaluated.

A. Voltage Source Gate Drive

First, turn-on characteristics of the hybrid IGBT module 
are tested using the voltage source gate driver with different 
positive gate drive voltages. The tests are done in a double-
pulse test circuit shown in Fig. 2 with 550 V DC bus voltage 
and 200 A load current, the external gate resistance used is 
10 Ω. In Fig. 2, VDC is the DC bus voltage, IL is the current 
of the load inductor at the turn-on event, iC is the collector 
current of the lower arm IGBT, RG_ext is the externally 
connected gate resistor, vG is the gate voltage provided by 
the gate drive circuit and vGE is the gate-emitter voltage 
measured at the terminals of the module. The positive gate 
voltage of vG provided by the gate driver is denoted as V+. 
The turn-on waveforms under different positive gate voltages 
(V+) are shown in Fig. 3. The maximum oscillation current 
IOSC_MAX and the oscillation settling time ts are measured as 
shown in Fig. 4 (a) and (b). The maximum oscillation current 
IOSC_MAX is the maximum current overshoot exceeding the 
load current as shown in Fig. 3. The oscillation settling time 
ts, which is the time for the amplitude of oscillation current 
to drop from IOSC_MAX to 5%•IOSC_MAX, represents the duration 
of oscillation.

Fig. 2.  Test setup for turn-on characteristics under different gate voltages.

 It can be seen from the test results that when the applied 
gate voltage is reduced from 17 V to 11 V, the maximum 
oscillation current decreases from 87.3 A to 47 A, however 

the oscillation settling time fluctuates around 1200 ns with 
no clear link with the applied gate voltage.

Fig. 3.  Turn-on waveforms under different voltage source gate drivers.

(a)

(b)

Fig. 4.  Turn-on current oscillation under different gate voltages:
(a) Maximum oscillation current; (b) Oscillation settling time.

Fig. 5.  Test setup for turn-on characteristics under different gate currents.

B. Current Source Gate Drive

Then a current source gate driver is used to study the turn-
on characteristics under different gate charging currents. The 
test setup is shown in Fig. 5 with 550 V DC bus voltage and 
200 A load current. In Fig. 5, iG is the gate current provided 
by the current source gate driver while all the other variables 
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have the same definitions as in Fig. 2. During a turn-on 
interval, a constant gate charging current IG is provided by 
the current source gate driver. The turn-on waveforms under 
different gate charging currents (IG) are shown in Fig. 6. 
Similarly, the maximum oscillation current IOSC_MAX and the 
oscillation settling time ts are measured as shown in Fig. 7 (a) 
and (b).

 

Fig. 6.  Turn-on waveforms under different current source gate drivers.

(a)

(b)

Fig. 7.  Turn-on current oscillation under different gate currents:
(a) Maximum oscillation current; (b) Oscillation settling time.

It can be seen that when the gate charging current changes 
from 260 mA to 60 mA, the maximum oscillation current 
decreases from 59.3 A to 31.7 A, however the oscillation 
settling time fluctuates around 1200 ns and does not have a 
clear relation with the gate charging current.

To sum up, by lowering the gate voltage and reducing 
gate charging current, the maximum oscillation current can 
be mitigated but the switching speed will be reduced and the 
on-state voltage drop will increase, thus causing increase in 
switching and conduction losses. Moreover, the attenuation 
of the oscillation cannot be accelerated by changing the gate 
drive parameters alone. Therefore, lowering gate voltage 
and reducing gate charge current are not the recommended 
methods to suppress turn-on oscillation. To accelerate the 
damping of turn-on oscillation, further countermeasures 

should be taken.

III.  turn-on oScIllatIon SuPPreSSIon wIth damPIng 
cIrcuIt

A. Theoretical Analysis of Turn-on Oscillation

To accelerate the damping of turn-on oscillation, the 
utilization of additional damping circuits is investigated. 
To have a better understanding of turn-on oscillation, first 
the theoretical analysis of the oscillation is carried out to 
reveal the relation between turn-on oscillation and circuit 
parasitics. The inductive switching test circuit is shown in 
Fig. 8 where the lower arm IGBT is switching and the upper 
arm SiC SBD is the free-wheeling diode. As depicted in Fig. 
8, Lp represents the stray inductance of the DC bus, Rp stands 
for the parasitic resistance of the commutation loop, L1C, 
L1eE, L1E, L2C, L2eE, L2E are the stray inductances in the hybrid 
IGBT module, CCE1 and CCE2 are the combination of the 
collector-emitter capacitance of the IGBT and the junction 
capacitance of the anti-parallel SiC SBD, CGE1, CCG1, CGE2, 
CCG2 are the gate-emitter and collector-gate capacitances of 
the IGBT, Rg,ext and Rg,int are the external and internal 
gate resistors of the IGBT respectively. In the figure, VDC is 
the DC bus voltage, IL is the load current, idc is the DC bus 
current, iC1 and iC2 are the collector currents of the upper 
arm and lower arm devices respectively, vCE1 and vCE2 are 
the collector-emitter voltages of upper arm and lower arm 
devices respectively, and vGE2, vCG2, iG2 are the gate-emitter 
voltage, collector-gate voltage and the gate current of the 
lower arm IGBT.

Fig. 8.  Inductive switching circuit of hybrid IGBT module

The conceptual waveforms of a turn-on event of the lower 
arm IGBT T2 are shown in Fig. 9, where VGE,th is the gate 
threshold voltage, VGE, miller is the miller plateau voltage.

The parasitic capacitances of the IGBT are highly non-
linear depending on the collector-emitter voltage. To simplify 
the analysis, the similar approximation as in [28] is adopted 
that the capacitances are approximated as two discrete values 
in different operating regions. The output characteristic of 
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the IGBT can be divided into three regions: cut-off region, 
linear region and saturation region. The capacitances in each 
operating region are shown in TABLE I where CCE,L<< CCE,H 
and CCG,L<<CCG,H. 

TABLE  I
 oPeratIng regIonS and ParaSItIc caPacItanceS of the 

IgBt

Time interval t0~t1 t1~t2 t2~t3 t3~t4 t4~t5

Operating
region of T2 Cut-off Linear Linear Linear Saturation

CCE2 CCE,L CCE,L CCE,L CCE,H CCE,H

CCG2 CCG,L CCG,L CCG,L CCG,H CCG,H

CCE1 CCE,H CCE,H CCE,H CCE,L CCE,L

As shown in Fig. 9, the turn-on interval can be roughly 
divided into five stages:

● Stage 1 (t0~t1): turn-on delay time
Gate-emitter voltage vGE2 rises from the negative gate 

potential V- and reaches the threshold voltage VGE,th at t1. The 
IGBT operates in cut-off region in this stage.

● Stage 2 (t1~t2): collector current rising stage
After t1, the collector current iC2 begins to rise and reaches 

the load current IL at t2. The IGBT operates in linear region 
in this stage.

● Stage 3 (t2~t3): collector-emitter voltage dropping stage 
1

After t2, the upper arm diode begins to take up voltage, 
and the collector-emitter voltage of the lower arm IGBT vCE2 
begins to drop at a high slew rate and reaches a certain level 
at t3. The IGBT operates in linear region in this stage.

The value of the collector-emitter voltage at the stage 
transition needs some more insight into the device physical 
model, as discussed in [29]. Since the physical modeling of 
IGBT is not the focus of this study, the value of vCE2 at stage 
transition is approximated from the test waveforms.

● Stage 4 (t3~t4): collector-emitter voltage dropping stage 
2

After t3, the collector-gate capacitance CCG of the IGBT 
increases to a much larger value so the slew rate of vCE2 

decreases dramatically. At t4, vCE2 drops to the on-state 
voltage, and the IGBT enters saturation region. The IGBT 

operates in linear region in this stage.
For the sake of simplicity, the on-state voltage drop is 

approximated as 0 in this analysis.
● Stage 5 (t4~t5): gate-emitter voltage rises to positive 

supply voltage
After t4, the gate-emitter voltage vGE2 starts to rise again 

and reaches the positive gate potential V+ at t5. The IGBT 
operates in saturation region in this stage.

The detailed analytical expressions of each stage are 
presented as follows.

Stage 1 (t0~t1) - turn-on delay time:
At t0, the voltage vG provided by the gate driver jumps 

from V- to V+. The input capacitance starts to charge up. The 
gate-emitter voltage vGE2 in this stage can be expressed as:

   
(1)

where  τies=Rg·(CGE2+CCG2)=Rg·(CGE+CCG,L), Rg=Rg,ext+Rg,int.
In this stage, the collector current iC2 remains at 0, and 

the collector-emitter voltage vCE2 remains at VDC. At t1, vGE 
reaches VGE,th and the IGBT enters Stage 2.

Stage 2 (t1~t2) - collector current rising:
In this stage, the collector current iC2 begins to rise. Free-

wheeling diode D1 still conducts part of the load current, so 
the voltage vCE1 remains at 0 in this stage.

The initial conditions of this stage are listed below:
   

(2)

As the IGBT is operating in the linear region, the collector 
current can be expressed with the following equation:

  
 (3)

where gfe is the transconductance of the IGBT. Note that 
in this stage the collector-emitter voltage is not changing 
abruptly, thus the current flowing through the output capa-
citance is neglected in equation (3).

For the gate loop, the following equations can be derived:
   

(4)
   

(5)

   (6)

For the main power loop, the following equation can be 
obtained:

   (7)
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Fig. 9.  Conceptual turn-on waveforms of the hybrid IGBT module.
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where Lm(=L1C+L1eE+L1E+L2C+L2eE+L2E) represents the stray 
inductance within the hybrid module.

Combining equations (3)-(7), iC2(t2), vGE2(t2) and vCE2(t2) 
can be derived which are the initial conditions of the next 
stage.

Stage 3 (t2~t3) – collector-emitter voltage dropping 1:
When the collector current iC2 reaches the load current IL 

at t2 shown in Fig. 9, the upper arm diode D1 starts to take 
up voltage, so the collector-emitter voltage of the lower arm 
IGBT vCE2 begins to drop, and the collector current starts to 
oscillate.

The initial conditions of this stage are listed as below:
   

(8)

For the main power loop, the following equations can be 
derived:

   (9)

   (10)

   (11)

Combining with equations (10) and (11), equation (9) can 
be simplified as:

   (12)

For the upper arm IGBT T1, the following equation can 
be obtained:

   (13 )

For the gate loop, equations (4)-(6) are still valid in this 
stage. Since the collector-emitter voltage drops rapidly in 
this stage, the current flowing through the output capacitance 
of the IGBT cannot be neglected. Therefore, equation (3) has 
to be modified as the following equation:

   (14)

Combining equations (4)-(6) and (12)-(14), the current 
and voltages of this stage can be derived. As mentioned 

before, the value of vCE2 at stage transition is approximated 
from the test waveforms. When vCE2 drops to the transition 
voltage, the IGBT enters the next stage.

Stage 4 (t3~t4) – collector-emitter voltage dropping 2:
The initial conditions (iC2(t3), vGE2(t3), vCE1(t3) and vCE2(t3)) 

of this stage can be obtained by solving the equations 
describing the last stage. Since the circuit status in this stage 
is the same as last stage, equations (4)-(6) and (12)-(14) are 
still valid in this stage with only the changes in parasitic 
capacitances. The capacitances in (5) and (14) change from 
CCE,L, CCG,L to CCE,H, CCG,H. The capacitance in (13) changes 
from CCE,H to CCE,L.

At t4, the collector-emitter voltage vCE2 drops to the on-
state voltage, and the IGBT enters the saturation region. 
For the sake of simplicity, the on-state voltage drop is 
approximated as 0 in this analysis.

Stage 5 (t4~t5) – gate-emitter voltage rises to positive 
supply voltage:

After t5, the IGBT enters saturation region. The gate-
emitter voltage begins to charge up again, and reaches the 
positive gate potential V+ at the end of this stage.

Equation (14) is no longer valid in this stage since the 
IGBT enters the saturation region. While all the other 
equations describing the last stage can still be used in this 
stage.

According to the device datasheet and some preliminary 
test waveforms, the parasitic parameters of the module are 
estimated as Lm=15 nH, LeE=1 nH, CGE=15 nF, CCG,L=0.05 
nF, CCG,H=9 nF, Rp=0.4 Ω, gfe=200. In the calculations, the 
DC bus voltage is VDC=550 V, the load current is IL=200 A, 
the positive gate voltage is V+=15 V and the gate resistance 
used is Rg=Rg,int+Rg,ext=15 Ω. For the sake of simplicity, the 
collector-emitter capacitance of the IGBT in combination 
with the junction capacitance of SiC SBD is approximated 
as a constant value CCE.

The maximum oscillation current IOSC_MAX and oscillation 
settling time ts under different DC bus stray inductance Lp 

and device parasitic capacitance CCE are calculated using the 
equations given above and the results are shown in Fig. 10 (a) 
and (b) respectively.

As shown in Fig. 10, with the increase of DC bus stray 
inductance, both the maximum oscillation current and 
oscillation settling time increases significantly. At a fixed 
stray inductance, with the increase of parasitic capacitance 
CCE, the maximum oscillation current increases rapidly 
while the changes in the settling time of oscillation is not 
significant.

To evaluate the accuracy of the calculations, as shown 
in Fig. 11, the calculated maximum oscillation current and 
oscillation settling time are depicted alongside the tested 
results shown in Fig. 4 (a) and (b). Different positive gate 
potentials are used, and the parasitics parameters used for the 
calculations are: Lp=70 nH and CCE=6 nF.

As shown in Fig. 11, the analytical model introduced in 
this paper is able to provide a relatively accurate estimation 
of turn-on oscillation of hybrid IGBT modules.
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(a)

(b)

Fig. 10.  Calculated results of current oscillation under different circuit 
parasitics: (a) Maximum oscillation current; (b) Oscillation settling time.

Note from Fig. 11 (b) that some deviations from the 
theoretical values are present in the experimental oscillation 
settling time characteristics. The noise and inaccuracy in 

the test system may be the cause of the fluctuations in the 
test results. The deviations from the theoretical values are 
in the range of several hundred nanoseconds which is just a 
few oscillation cycles. However, the trend in the figure still 
shows that the oscillation settling time is not clearly relevant 
with the gate voltage. Therefore, the faster attenuation of 
turn-on oscillation cannot be achieved by modifying the gate 
driver alone.

B. Theoretical Analysis of Damping Circuit

RC and RCD networks have previously been used on 
Si and SiC power devices to mitigate the turn-off voltage 
overshoot and oscillations caused by circuit parasitics [23]-
[27], [30]-[33]. The RC damping circuit may also be able 
to mitigate the turn-on current oscillations of hybrid IGBT 
module.  However, since the primary purpose of the damping 
circuit is to mitigate the turn-on oscillation, the design and 
working principles of the damping circuit is different from 
the snubber circuit which is primarily aimed at suppressing 
the turn-off voltage overshoot. Two typical damping circuits 
are shown in Fig. 12 (a) and (b) respectively.

 

                                (a)                                                    (b)

Fig. 12.  Typical damping circuit topologies: (a) Damping circuit 1; (b) 
Damping circuit 2.

The damping circuit provides a conducting path for high 
frequency currents during the turn-on process, and the 
damping resistor damps the high frequency components 
of the current. The damping capacitor and resistor should 
be carefully chosen to achieve the best trade-off between 
oscillation damping and extra energy loss caused in the 
damping circuit.

A theoretical analysis is conducted for damping circuit 
2 to illustrate the influence of damping circuit parameters 
on the performance of oscillation damping and additional 
switching loss. The inductive switching test circuit with 
the application of damping circuit is shown in Fig. 13. The 
damping circuit should be placed closely to the module and 
the connections are kept as short as possible to minimize the 
loop stray inductance, thus, for the sake of simplicity, the 
stray inductance of the damping circuit is not included in the 
circuit diagram.

The conceptual waveforms and the stages of the turn-
on interval are the same as demonstrated in the last section, 
which will not be repeated here. The detailed analytical 
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(a)

(b)

Fig. 11.  Comparison between the calculated and tested current oscillation 
characteristics under different gate voltages:
(a) Maximum oscillation current; (b) Oscillation settling time.
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expressions of each stage with the presence of damping 
circuit are presented as follows.

Stage 1 (t0~t1) – turn-on delay time:
The expressions of this stage are the same with those 

without damping circuit and will not be repeated here.
Stage 2 (t1~t2) – collector current rising:
The initial conditions of this stage are listed below:

   (15)

For the gate loop, equations (3)-(6) are still valid with the 
presence of damping circuit.

For the main power loop, the following equations can be 
derived:

   (16)
   

(17)

   (18)

Solving equations (3)-(6) and (16)-(18), iC2(t2), vGE2(t2), 
vCE2(t2), vCs(t2) and idc(t2) can be derived which are the initial 
conditions of the next stage.

Stage 3 (t2~t3) – collector-emitter voltage dropping 1:
The initial conditions of this stage are listed as below:

   

(19)

For the main power loop, equations (17) and (18) are still 
valid in this stage, while equation (16) should be modified 
as:

   

(20)

For the upper arm IGBT T1, equation (13) still holds with 
the presence of damping circuit.

For the gate loop, equations (4)-(6) and (14) can still be 
used here.

Combining equations (4)-(6), (13), (14) and (20), the 
current and voltages of this stage can be derived. When the 
collector-emitter voltage drops to a certain level, the IGBT 
enters the next stage.

Stage 4 (t3~t4) – collector-emitter voltage dropping 2:
The initial conditions (iC2(t3), vGE2(t3), vCE1(t3), vCE2(t3), 

vCs(t2) and idc(t2)) of this stage can be obtained by solving the 
equations describing the last stage. Since the circuit status is 
the same as last stage, equations (4)-(6), (13), (14) and (20) 
are still valid in this stage with only the changes in parasitic 
capacitances. The capacitances in (5) and (14) changes from 
CCE,L, CCG,L to CCE,H, CCG,H, respectively. The capacitance in 
(13) changes from CCE,H to CCE,L. 

Stage 5 (t4~t5) – gate-emitter voltage rises to positive 
supply voltage:

After t5, the IGBT enters saturation region. The gate-
emitter voltage begins to charge up again, and reaches the 
positive gate potential V+ at the end of this stage.

Equation (14) is no longer valid in this stage since the 
IGBT enters the saturation region. While all the other 
equations describing the last stage can still be used in this 
stage.

According to the device datasheet and preliminary test 
results, the parasitic parameters of the module and the test 
circuit are estimated as: Lp=70 nH, Lm=15 nH, LeE=1 nH, 
CGE=15 nF, CCG,L=0.05 nF, CCG,H=9 nF, CCE= 6nF Rp=0.4 Ω, 
gfe=200. In the calculations, the DC bus voltage is VDC=550 
V, the load current is IL=200 A, the positive gate voltage is 
V+=14 V and the gate resistance used is Rg=Rg,int+Rg,ext=15 Ω.

The maximum oscillation current IOSC_MAX and oscillation 
settling time ts are the most concerned parameters of the 
oscillation. The calculated maximum oscillation current IOSC_

MAX and oscillation settling time ts under different damping 
resistors and damping capacitors are shown in Fig. 14 (a) 
and (b) respectively. The additional energy loss caused in the 
damping resistor during a turn-on event is also calculated, 

Fig. 13.  Inductive switching circuit of hybrid IGBT module with damping 
circuit.
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as shown in Fig. 14 (c). To evaluate the loss in the damping 
resistor during turn-off of the IGBT, a similar analysis of 
the turn-off interval is carried out as well, and the calculated 
damping resistor loss during a turn-off event is shown in Fig. 
14 (d).

    

                              (a)                                                         (b)

    

                              (c)                                                          (d)

Fig. 14.  Calculated results under different damping circuit parameters:
(a) Maximum oscillation current; (b) Oscillation settling time;
(c) Energy loss in the damping resistor during turn-on; (d) Energy loss in 
the damping resistor during turn-off.

It can be seen from the calculation results that the 
maximum oscillation current decreases with increasing CS 
and RS, however when RS is larger than 5 Ω, the maximum 
oscillation current is only slightly influenced by CS and 
RS. The oscillation settling time represents the time for the 
damping circuit to attenuate the oscillation. The minimum 
value of oscillation settling time ts occurs when CS=10~16 
nF, and RS=3~5 Ω under the given conditions. The additional 
energy loss in the damping resistor increases with larger 
damping capacitor CS, however both the additional energy 
losses during turn-on and turn-off remain small (<0.5 mJ) in 
the whole range of CS and RS.

If the damping resistor and capacitor are chosen as 
RS=10 Ω and CS=10 nF, the oscillation currents with and 
without damping circuit can be depicted by performing the 
analysis above, as shown in Fig. 15. Fig. 15 (a) presents the 
calculated results while Fig. 15 (b) shows the experimental 
results under the same conditions. It can be seen that by 
applying the damping circuit, the oscillation settling time is 
largely reduced, thus the attenuation of current oscillation 
can be accelerated by the damping circuit.  

The calculated waveforms of gate-emitter voltages of the 
IGBT during the turn-on event with and without damping 
circuit are shown in Fig. 16. As shown in the figure, because 
of the transconductance and common emitter inductance 
LeE2, the oscillations in collector current cause oscillation in 
the gate-emitter voltage. By introducing the damping circuit, 
the oscillation in gate-emitter voltage is mitigated as well.

The theoretical analysis of the damping circuit is helpful to 

determine the range of the resistance and capacitance for the 
damping circuit. It should be noted that the analytical model 
introduced in this paper is largely dependent on the parasitic 
elements of the module and the test circuit. The parasitic 
capacitances of the devices are especially critical because 
the variations in these capacitances may largely affect the 
calculation results. The parasitic capacitances are strongly 
non-linear components and sometimes may not be obtained 
from the device datasheet. Therefore, further experimental 
adjustment of the damping resistor and capacitor is still 
necessary since the values of parasitic components used in 
the theoretical estimation may differ from the actual values 
in the experiment system.
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(a)

(b)

Fig. 15.  Calculated (a) and tested (b) waveforms of current oscillation with 
and without damping.

 

(a)

(b)

Fig. 16.  Calculated waveforms of gate-emitter voltage and DC bus current: 
(a) without damping; (b) with damping.
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snubber capacitor CSn can be estimated by the following 
equation [23]:

   (21)

where Vpk is the desired peak voltage during turn-off. 
Applying the same conditions used in the analysis of 
damping circuit, i.e. LS=75 nH, IL=200 A, and the allowable 
voltage overshoot is set to 100 V, it can be estimated that the 
snubber capacitor is CSn=300 nF.

During turn-on interval of the IGBT, as the IGBT current 
rises with a slew rate of di/dt, the voltage induced on the 
loop stray inductance LS causes the voltage across the 
positive and negative terminals of the module to drop by 
LS•di/dt while the snubber capacitors are charged to the DC 
bus voltage VDC, thus the diodes of the RCD snubber is 
reverse biased, yielding a turn-on equivalent circuit of the 
RCD snubber shown in Fig. 18 (a) which can be further 

simplified as Fig. 18 (b).

As shown in Fig. 18 (b), the equivalent circuit of RCD 
snubber at turn-on has the same structure as the damping 
circuit. However, since the snubber circuit is used to mitigate 
voltage spikes, the capacitance is much larger than that of 
the damping circuit. In the turn-on equivalent circuit of 
RCD snubber, the capacitance is 2•CSn=600 nF which may 
largely increase the loss in the resistor. By performing the 
same analysis procedure of the damping circuits, the turn-

C. Difference between the Designs of Damping Circuit and 
Snubber Circuits

To overcome the turn-off over-voltage caused by the 
loop inductance, several variations of snubber circuits 
are investigated in the literature [32], [33]. The typical 
topologies of snubber circuits and the damping circuit 
are shown in Fig. 17, where LS is the stray inductance 
of the commutation loop, CCE1 and CCE2 are the parasitic 
capacitances of the switching devices. In the figures, the 
parastic components that each circuit is mainly dealing with 
are highlighted.

The discharge suppressing RCD snubber shown in Fig. 
17 (c) and the decoupling capacitor (C snubber) shown in 
Fig. 17 (d) are the most commonly used snubber circuits 
for IGBT modules [32], [33]. The snubber circuit is aimed 
to suppress the turn-off voltage spike, thus the snubber 
capacitance CSn is designed to absorb the energy stored in 
the loop stray inductance LS during the conduction state 
of the IGBT. The snubber capacitor should be of high 

frequency type with low ESR and ESL. As reported in [23], 
the discharge suppressing RCD snubber shown in Fig. 17 
(c) is also able to suppress the turn-on oscillations caused by 
the reverse recovery of the Si free-wheeling diode. However, 
since suppressing turn-on oscillation is not the primary 
purpose of snubber circuit, the designs of the capacitance 
and resistance are not optimized for turn-on oscillation 
suppression. While on the other hand, the damping circuit 
for Hybrid IGBT is dedicated to attenuating the turn-on 
current oscillation. During turn-on process, the damping 
circuit is used to damp the oscillation between the loop stray 
inductance LS and the parasitic capacitances of the switching 
devices CCE1 and CCE2. The damping circuit provides a 
conducting path for high frequency currents. Part of the high 
frequency currents flowing through the parasitic capacitors 
of the switching devices are directed to the damping circuit 
and dampened by the damping resistor. 

There are many references concerning the design of 
snubber circuits to mitigate the turn-off voltage spike and 
voltage oscillation [23],[30],[31]. The capacitance of the 

Fig. 17.  Typical topologies of snubber circuits and the damping circuit

Fig. 18.  The equivalent circuit of RCD snubber during IGBT turn-on.

                             (a)                                                         (b)
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on current waveforms with snubber circuit can be derived 
as well. As shown in Fig. 19 (a), if a small value of 5 Ω is 
chosen for the snubber resistor, the snubber circuit has some 
ability of mitigating the turn-on oscillation, however the loss 
in the snubber resistor is 2.29 mJ for a turn-on event, much 
larger than the damping circuit (<0.5 mJ). If the snubber 
resistor uses a large value to reduce the losses, as shown in 
Fig. 19 (b) where the snubber resistor is set to 50 Ω, the loss 
in the snubber resistor is reduced to 0.71 mJ at the cost of 
losing the oscillation damping capability.

(a)

(b)
Fig. 19.  Calculated turn-on waveforms with snubber circuit: (a) RSn=5 Ω; 
(b) RSn=50 Ω.

Therefore, by using the conventional snubber circuit 
design for turn-off over-voltage suppression, the features 
of effective turn-on oscillation damping and low loss in the 
snubber resistor cannot be achieved simultaneously. It might 
be a better solution to combine the decoupling capacitor (C 
snubber) and the damping circuit, as shown in Fig. 20. A 
large decoupling capacitor can be used to mitigate the turn-
off voltage spike caused by loop stray inductance LS, and the 
design of damping circuit can be implemented to mitigate 
the turn-on oscillation caused by the resonance between the 
loop stray inductance LS and the parasitic capacitances of the 
switching devices CCE1 and CCE2.

 

Fig. 20.  Combining decoupling capacitor (C snubber) and RC damping 
circuit to suppress both the current oscillation at turn-on and voltage 
overshoot at turn-off

D. Experiment Results of Damping Circuit

The test setup for damping circuit 2 is the same as the 
test circuit shown in Fig. 2 where the RC damping circuit 
is connected across the phase leg. Different RC values for 
the damping circuit are tested to determine the optimized 
parameters for the suppression of turn-on oscillations. The 
tests are carried out under 550 V DC bus voltage and 200 
A load current, the positive gate voltage provided by the 
voltage source gate driver is V+=14 V, the external gate 
resistor is RG_ext=10 Ω.

To minimize the parasitic inductance of the damping 
circuit and to simplify the mounting of damping circuit on 
the hybrid IGBT module, a damping circuit board is made 
as shown in Fig. 21. In this way, the connection between 
the damping circuit and the hybrid IGBT module can 
be minimized. In order not to affect the low inductance 
connection between the damping circuit and the hybrid 
module, only the DC bus current idc are measured in the 
experiments.

 

Fig. 21.  The mounting of damping circuit on the hybrid IGBT module.

The first step is to keep the damping resistance at RS=5 
Ω, and the damping capacitance is set to CS=2.2 nF, 4.4 nF, 
6.6 nF, 8.8 nF, 11 nF and 13.2 nF respectively. The maximum 
oscillation current IOSC_MAX, the oscillation settling time ts and 
the additional damping resistor energy losses during turn-on 
and turn-off (Edamp, on and Edamp, off) with different damping 
capacitors are shown in Fig. 22. To evaluate the error 
between the calculations and the experimental results, the 
calculated and tested results are depicted in the same figures.  

Fig. 22 illustrates that the damping circuit is effective in 
suppressing the turn-on oscillation. By using the damping 
circuit, the oscillation settling time is largely reduced 
while around 10 A over-current is added to the maximum 
oscillation current. The additional damping resistor loss 
increases with increasing damping capacitor, which is in 
good match with the theoretical analysis. The additional 
damping resistor loss is relatively small compared to the 
turn-on loss of the IGBT which is 24.1 mJ under the given 
conditions, thus no significant loss increase is introduced.

As can be seen from Fig. 22, when CS=11 nF, the damping 
circuit has the best balance between oscillation suppression 
and unwanted side-effects.

The next step is to fix the damping capacitance at 11 nF, 
and the damping resistance is chosen as RS=0.8 Ω, 1.1 
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Ω, 1.7 Ω, 2.5 Ω, 3.3 Ω, 5 Ω, 6.8 Ω and 10 Ω respectively. 
Fig. 23 shows the maximum oscillation current IOSC_MAX, 
the oscillation settling time ts and the additional damping 
resistor energy losses Edamp, on and Edamp, off with different 
damping resistors. Again, the calculated and experimental 
results are depicted in the same figures. 

It can be seen from the test results that the best balance 
between oscillation suppression and side-effects is achieved 
when RS=2.5~3.3 Ω. Finally, RS=2.5 Ω is chosen. Therefore, 
the optimized parameters for the damping circuit are: CS=11 
nF and RS=2.5 Ω. 

Note that in Fig. 22 and Fig. 23, the tested and calculated 
results bare the same trends. The calculated maximum 
oscillation current and oscillation settling time are very 

close to the experimental values. Therefore, the theoretical 
analysis introduced in this paper is able to provide a good 
estimation of the turn-on oscillations. 

The same experiment procedure is also performed for 
damping circuit 1, and the achieved optimal parameters of 
damping circuit 1 are CS=5.2 nF and RS=6.8 Ω.

The waveforms of the DC bus current idc and the collector-
emitter voltage of the upper arm IGBT vCE1 in a turn-on 
event of the lower arm IGBT with and without the damping 
circuits are shown in Fig. 24. The performances of oscillation 
suppression and side-effects of the damping circuits are 
listed in Fig. 25 alongside each other. It should be noted that 
the turn-on energy losses Eon listed in Fig. 25 also include 
the additional energy loss of the damping resistor.

(a)

(b)

(c)

(d)

Fig. 22.  Turn-on oscillation using damping circuit with different damping 
capacitors:
(a) Maximum oscillation current; (b) Oscillation settling time;
(c) Energy loss in the damping resistor during turn-on; (d) Energy loss in 
the damping resistor during turn-off.

(a)

(b)

(c)

(d)

Fig. 23.  Turn-on oscillation using damping circuit with different damping 
resistors:
(a) Maximum oscillation current; (b) Oscillation settling time;
(c) Energy loss in the damping resistor during turn-on; (d) Energy loss in 
the damping resistor during turn-off.
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Fig. 24.  The comparison of turn-on waveforms with and without the 
damping circuit. 

Fig. 25.  The performance of oscillation suppression by the damping circuit.

According to the test results, the damping circuits are 
able to effectively suppress the turn-on current oscillation of 
the hybrid module. It should be noted that by applying the 
damping circuits, the maximum oscillation current IOSC_MAX 
increases due to the discharging of damping capacitor, which 
is a disadvantage of this method. The oscillation settling 
time is reduced to 1/4~1/8 of the original value by attaching 
the damping circuit. Moreover, no significant turn-on energy 
loss increase (<1%) is caused by attaching the damping 
circuit. Comparing the two damping circuits, damping circuit 
2 is able to achieve the lower turn-on current overshoot and 
the faster attenuation of oscillation. Damping circuit 1 is 
the RC circuit parallel connected to each device. Therefore, 
at each turn-on event, the capacitor is fully discharged, and 
at each turn-off event, the capacitor is charged to DC bus 
voltage. During the turn-on event, the discharging current 
of the damping capacitor flows through the IGBT causing 
a rise in the maximum oscillation current IOSC_MAX. Also, 
the charging and discharging current flowing through the 
damping resistor cause a larger loss in the damping resistor. 
While for damping circuit 2, the voltage of the damping 
capacitor does not change much during turn-on and turn-
off, only high frequency ripples are present, thus the added 
current and losses are lower than that of damping circuit 1.

To evaluate the influence of damping circuit on the 
turn-off characteristics, the turn-off voltage and current 
waveforms with and without damping circuit are shown in 
Fig. 26. The testing conditions are the same as those used to 
obtain the waveforms in Fig. 24. The damping circuit used 
is damping circuit 2 with the parameters of CS=11 nF and 
RS=2.5 Ω.

Fig. 26.  The comparison of turn-off waveforms with and without the 
damping circuit.

As shown in Fig. 26, because of the turn-off tail current 
effect of the IGBT, no major oscillations in the current and 
voltage waveforms are observed during the turn-off process. 
Because of the relatively small capacitance of the damping 
circuit, the damping circuit has little effect on the turn-off 
voltage waveform. There are no significant changes in the 
voltage overshoot and current slew rate before and after 
attaching the damping circuit. 

IV. comBInIng damPIng cIrcuIt wIth actIVe gate 
drIVer

In certain applications, besides the duration of current 
oscillation, the peak current overshoot may be restricted as 
well. From the studies introduced in the previous sections, 
it is found that by steering the gate voltage and gate 
current, active gate drivers are able to suppress the peak 
current overshoot during turn-on process of hybrid IGBT 
module. Therefore, by combining the active gate driver 
with the damping circuit method proposed above, both the 
suppression of current oscillation and current overshoot can 
be achieved simultaneously.

Since gate voltage and gate charging current both have 
large effects on the turn-on maximum oscillation current 
of the hybrid module, the function of current overshoot 
suppression can be achieved by adjusting the gate voltage 
or gate charging current during collector current rising 
stage in the turn-on process. On the other hand, since gate 
charging current has large effect on the turn-on delay time 
and the duration of miller plateau stage, to reduce the total 
turn-on time and turn-on energy loss, the duration of miller 
plateau can be reduced by injecting an extra current into 
the gate during the collector-emitter voltage falling stage. 
The schematic diagram of the active gate driver used in this 
paper is shown in Fig. 27.

As shown in Fig. 27, a gate current sink formed by a 
MOSFET and a diode is used to bypass part of the gate 
current during the collector current rising stage of the turn-
on process, thus the current rising rate is decreased to 
suppress the current overshoot [6]-[9], [22]. The gate voltage 
vGE is detected in the turn-on process for the determination 
of different switching stages. When vGE reaches a preset 
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threshold voltage, the sink MOSFET will be turned on.

Fig. 27.  Schematic diagram of active gate driver

A current source is used as an extra gate charger during 
the collector-emitter voltage dropping stage to accelerate 
the voltage drop. The conceptual turn-on waveforms of the 
active gate driver are shown in Fig. 28, where the dashed 
lines represent the waveforms achieved by traditional 
voltage source driver and the solid lines are the waveforms 
of the active gate driver.

Fig. 28.  Conceptual turn-on waveforms of active gate driver.

As shown in Fig. 28, when the turn-on signal comes, the 
extra gate charger turns on after a short delay. Before time 
point ti, when vGE has not reached the preset threshold value 
VGE,s, the sink MOSFET is turned off, and the extra charger 
charges the gate, reducing the turn-on delay time. At time 
point ti, vGE reaches VGE,s, the sink MOSFET turns on and 
bypasses part of the gate current, reducing the collector 
current rising rate of the IGBT. Then at time point t2, when 
collector current reaches the maximum value, the sink 
MOSFET is turned-off, and the extra charger charges the 
gate again to reduce the time duration of miller plateau stage. 
It should be noted that the gate-emitter voltage vGE during 

turn-on transient is largely dependent on the characteristics 
of the IGBT, such as input capacitance and transconductance. 
Therefore, the pre-set threshold value VGE,s of the active gate 
driver should be experimentally adjusted for the specific 
IGBT to reach the optimal performance.

To achieve the optimized turn-on performance, the 
values of RCS, IGa and the sink delay time should be selected 
carefully. RCS determines how much of the gate current is 
bypassed during the current rising stage, IGa is the extra 
gate charging current provided by the current source which 
determines the voltage dropping rate of the miller plateau 
stage, and the sink delay time should be carefully set so that 
the sink MOSFET turns off exactly at the time point when 
collector current reaches its peak value.

The experimental study of the active gate driver is done in 
the double-pulse test bed shown in Fig. 2. The positive gate 
voltage V+ is 13 V and the external gate resistance RG_ext is 
3.3 Ω. Tests of turn-on characteristics have been done under 
550 V DC bus voltage and 200 A load current. The achieved 
turn-on waveforms of the active gate driver when RCS=12 Ω 
and IGa=300 mA are shown in Fig. 29 along with the turn-on 
waveforms of the conventional voltage source gate driver.

Fig. 29.  Achieved turn-on waveforms of active gate driver

As shown in Fig. 29, the grey traces are the waveforms 
of the conventional voltage source gate driver and the black 
traces are those of the active gate driver. With the help of 
the active gate driver, the current rising rate is declined and 
the current overshoot reduces from 86.2 A to 44.6 A, a 50% 
reduction is achieved. On the other hand, the turn-on energy 
loss increases from 29.8 mJ to 34.3 mJ, 15% turn-on energy 
loss increase is introduced by the active gate driver. 

The gate voltage waveforms of the active gate driver and 
the conventional voltage source driver are shown in Fig. 30. 
As shown in the waveforms, the gate voltage vGE during the 
current rising stage is reduced while in the other stages vGE is 
boosted by the extra gate charger, thus the current rising rate 
is reduced while the other stages are accelerated, achieving 
the desired turn-on performance.

Also can be noticed form Fig. 29 and Fig. 30 that since 
damping circuit is used, the turn-on oscillation is largely 
mitigated. Now the turn-on current waveform is approaching 
the ideal waveform with low overshoot and little oscillation.
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Fig. 30.  Gate voltage waveform of the active gate driver

V. concluSIon

In this paper, methods to suppress the turn-on oscillation 
of hybrid IGBT module are studied. First, experimental 
analysis is used to evaluate the impacts of gate driver on 
the collector current oscillation during the turn-on interval 
of hybrid IGBT module. It is found that by decreasing 
gate drive voltage and gate charging current, the current 
overshoot can be suppressed. However, the active gate 
driver is not effective in reducing the settling time of 
oscillation. To mitigate the oscillation, a turn-on oscillation 
suppression method is proposed with combination of 
damping circuit and active gate driver. According to the 
analytical and experimental results, the damping circuit 
is able to effectively reduce the settling time of turn-on 
oscillation of hybrid IGBT module. Moreover, the damping 
circuit does not have much impact on the switching losses. 
The differences between the designs and working principles 
of snubber circuits and damping circuit are analyzed. It is 
shown that because the main purpose of snubber circuit is 
to suppress turn-off over-voltage, the designs and selection 
of capacitor types are different with damping circuit. By 
using the conventional snubber circuit design the features 
of effective turn-on oscillation damping and low loss cannot 
be achieved simultaneously. It is thus recommended to 
use the proposed damping circuit design to suppress the 
current oscillation at turn-on. Then an active gate driver 
is experimentally studied to illustrate its effectiveness in 
suppressing the turn-on current overshoot without largely 
increasing the turn-on energy loss. Combining the damping 
circuit with the active gate driver, both the suppression 
of current overshoot and the fast attenuation of current 
oscillation can be achieved without largely increasing the 
switching times and switching losses.
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