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Abstract

This paper addresses the turn-on switching process of insulated-gate bipolar transistor (IGBT) modules with anti-parallel
free-wheeling diodes (FWD) used in inductive load switching power applications. An increase in efficiency, i.e. de-
crease in switching losses, calls for a fast switching process of the IGBT, but this commonly implies high values of the
reverse-recovery current overshoot. To overcome this undesired behaviour, a solution was proposed which achieves an in-
dependent control of the collector current slope and peak reverse-recovery current by applying a gate current that is briefly
turned negative during the turn-on process. The feasibility of this approach has already been shown, however, a sophisti-
cated control method is required for applying it in applications with varying currents, temperature and device parameters.
In this paper a solution based on an adaptive, iterative closed-loop control is proposed. Its effectiveness is demonstrated
by experimental results from a 1200 V/200 A IGBT power module for different load currents and reverse-recovery current
overshoots.

1 Introduction

Optimizing the switching process of insulated-gate bipolar
transistors (IGBTs) is a subject under continuous research,
given the wide range of applications in which IGBTs are
used. A typical test circuit resembling applications where
IGBTs are switching an inductive load is presented in Fig-

ure 1. Besides an IGBT and the load, a free-wheeling diode
(FWD) is required to ensure a path for the load current dur-
ing the off-state of the IGBT.
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Figure 1 Typical test circuit for an IGBT module switch-
ing an inductive load. The module consists of two IGBTs,
one high-side and one low-side, each of them having a
corresponding FWD in anti-parallel connection. Here,
only the low-side IGBT and the high-side FWD are shown
because they are of relevance in the switching process
considered in this paper. The inductance Lload represents
the inductive load, the others are parasitic inductances.

This paper focuses on the turn-on switching behavior of
IGBTs. As demonstrated in [1], the turn-on switching
losses can be reduced by fast switching transients. How-
ever, if the collector current iC rises very fast (large col-
lector current slope diC/dt), high reverse-recovery cur-
rent overshoots IRR result, which can lead to dynamic
avalanche, cf. [2, 3], and destruction of the devices.
Because of this, diC/dt is generally limited. However, a
brief negative gate current during IGBT turn-on allows IRR
to be chosen independently from the iC slope. Then, much
higher diC/dt and thus shorter switching times are possi-
ble, which can significantly reduce switching losses. This
approach [further referred to in this paper as negative gate
current (NGC) method] was already presented in [4] and
will be briefly recapitulated in Section 2.
However, in order to fully leverage the benefits of the NGC
method, a precise control of the gate current is required
that also considers changing operating conditions such as
varying load currents and temperatures. A solution for
this problem is presented in Section 3. This is an impor-
tant prerequisite for the application of the NGC method in
the industry. The effectiveness of the proposed approach
is demonstrated experimentally in Section 4, for different
load currents and reverse-recovery current overshoots. Fi-
nally, in Section 5 the conclusions are drawn.

2 Recapitulation of the Negative

Gate Current (NGC) method

Conventionally, the gate driver in Figure 1 consists of a
pulsed voltage source with two voltage levels, on and off, in
series with a fixed resistor, to limit the gate current iG. This
leads to a slower increase of the collector current (small
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value of diC/dt), so that IRR can be kept below critical
values, see Figure 2 (a). However, using this approach,
further referred to as conventional gate driving (CGD), im-
plies high switching losses, because of the low values of
diC/dt and of the collector-emitter voltage slope dvCE/dt,
see Figure 2 (a) and (b–dashed line).
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Figure 2 Shown are (a) collector current iC and (b)
collector-emitter voltage vCE for the conventional gate
driving (CGD) approach (dashed lines) and for the state-
of-the-art solutions (solid lines). Note that iC is the same
for both methods.

Hence, it has been proposed, e.g. in [5–18], to choose a
moderate collector current slope diC/dt and shorten the
turn-on switching process mainly by quickly lowering the
collector-emitter voltage vCE after the load current has
commuted from the FWD to the IGBT, as in Figure 2 (solid
lines). In these papers, an independent control of diC/dt
and dvCE/dt is achieved, obtaining a low diC/dt to keep a
low IRR, but a high dvCE/dt in order to reduce the switch-
ing losses. Nevertheless, the collector current slope diC/dt
and the reverse-recovery current overshoot IRR are still re-
lated, preventing the possibility of decreasing the switching
losses by increasing diC/dt.
Contrary to that, an independent control of diC/dt and IRR
is achieved for the first time with the negative gate cur-
rent (NGC) method which has been presented in [4]. Here,
IRR can be kept at moderate values even for high collector
current slopes diC/dt by decreasing the IGBT conductance
once the desired IRR is reached. This is done by briefly
making the gate current iG negative, as shown in Figure 3.
Therefore, the NGC method allows further improvements
of the turn-on switching process compared to the state-of-
the-art solutions.

3 Adaptive and iterative closed-loop

concept for the NGC method

Different control techniques for adjusting the switching
transients of IGBTs have been proposed. They can be
divided into open-loop and closed-loop controlled gate
drives. Since the first approach is not able to satisfactorily
compensate the nonlinearities of the IGBT and the varia-
tion of the operating point and temperature, a closed-loop
solution is required for implementing the NGC method.
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Figure 3 Shown are (a) collector current iC and (b) gate
current iG for the negative gate current (NGC) method.
The collector current slope used for NGC is larger than
the one used in the state-of the-art, see Figure 2 (a). Still,
the value of the overshoot IRR is the same.

The proposed method is intended to be used with very fast
transients (so that switching losses can be reduced). In this
case, a real-time closed-loop would not be fast enough to
react during iC rise. Therefore, the implementation of the
NGC method is based on an adaptive, iterative control: Key
parameters of the switching transients are measured during
a turn-on event. Then, corrections to the driving signals,
needed to keep iC as in Figure 3 (a), are automatically
made for the next turn-on. An implementation of the pro-
posed solution is presented in Figure 4.
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Figure 4 Circuit implementing the negative gate current
(NGC) method for the application in Figure 1. Here, for
simplicity a shunt (Rsense) was used to measure iC, but fast
inductive current transducers can also be applied.

A detection circuit, which will be described later in Sec-
tion 3.3, is used to measure the nominal, peak and slope
values of iC from a sense resistor Rsense, after every turn-
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on. This information is fed into the microcontroller, which
uses it to determine the pulse widths of the control signals
vCOM,1, vCOM,2 and vCOM,3 for the next turn-on switching
of the low-side IGBT.

3.1 Normal operation

During normal operation, the setup works with improved
efficiencies compared to the state-of-the-art approaches be-
cause of the optimized waveform of the collector current,
cf. Figure 3 (a). It is assumed that this shape has already
been obtained for an arbitrary load current. (It will be dis-
cussed in Section 3.2 how this can be achieved.) To main-
tain this optimized waveform and the low overshoot values
for slowly changing load currents (which is normal during
regular operation), the pulse width of vCOM,1, denoted as
p1, see Figure 5, is modified accordingly after each turn-
on. The pulse width of vCOM,2, denoted as p2 in Figure 5,
is kept constant during normal operation.
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Figure 5 The control signals vCOM,1 and vCOM,2, cor-
responding to RG,small and RG,off, respectively, used to
generate the optimized waveform of iG during normal op-
eration. (Here, vCOM,3 is not required.)

The length p1 controls the value of the reverse-recovery
current overshoot. It can be defined as the sum of the turn-
on delay time tdelay,on, see Figure 3, and the time required
by the collector current to reach the desired peak value
IC,peak, i.e. the load current IL plus the desired overshoot
IRR. For a constant collector current slope, p1 can be ex-
pressed as

p1 = tdelay,on +
IC,peak

diC/dt
. (1)

The value of tdelay,on depends only on RG,small, see Fig-

ure 4, which means that it stays constant during opera-
tion. Therefore, an increase of p1 leads to a proportional
increase of IC,peak. For a specific value of the load current,
if the value of p1 is too high, IRR will also be too high.
The length p2 determines the duration of the negative gate
current. In order to keep the collector current constant once
the desired IRR is reached, the conductance of the IGBT
must be lowered to a specific value. Therefore, a certain
amount of charge must be removed from its gate. This
amount is dependent on the values of p2 and RG,off. Given
the fact that RG,off is constant during operation, if p2 is too
small, iC will not have a flat top once it reaches the desired
value, but rather it will continue to increase with a smaller
slope. This causes an exceedance of the desired IRR.

The correction that is applied to the length p1 after each
switching iteration will be calculated as follows. Assum-
ing a constant slope, the variation of the load current from
one pulse to another depends linearly on the variation of the
rise time of iC. Since the desired value of the load current
for the next switching iteration is generally known (e.g. de-
termined by the motor control), the length of p1 needed in
the next iteration can be predicted from the next and present
values of the load current, IL,next and IL,cur, respectively, as

p1,cur +
IL,next− IL,cur

diC/dt
. (2)

However, it must be noted that the slope of the collector
current can vary slightly from one pulse to another, and that
small deviations from the desired overshoot may appear if
(2) is used. Therefore, a correction needs to be applied
to p1 after each iteration and thus, the next value of p1 is
calculated as

p1,next = p1,cur +
IL,next− IL,cur

diC/dt
+

IRR,des− IRR,cur

diC/dt
, (3)

where IRR,cur represents the current value and IRR,des is the
desired value of the iC overshoot.

3.2 Startup phase

In order to obtain the optimized waveform for the collector
current iC needed at the beginning of normal operation, ini-
tial values for the lengths p1 and p2, denoted as p1,init and
p2,init, respectively, must be determined. For a given load
current, these initial values depend on the temperature, on
the parasitic inductances, and on the characteristics of the
IGBT. If the latter two parameters are well controlled dur-
ing fabrication, temperature-dependent initial values can be
determined already during the development phase. Other-
wise, a startup phase is needed to determine them automat-
ically.
During the startup phase all three control signals vCOM,1,
vCOM,2 and vCOM,3 are used, as in Figure 7, now also in-
cluding vCOM,3, contrary to normal operation. The value of
the resistor RG,large (corresponding to vCOM,3, see Figure 4)
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Figure 7 The control signals vCOM,1, vCOM,2 and vCOM,3
used during the startup phase and the collector current iC
that they generate. At the end of the startup phase iC will
look similar to Figure 3 (a).

CIPS 2016 - 9th International Conference on Integrated Power Electronics Systems

ISBN 978-3-8007-4171-7 © VDE VERLAG GMBH · Berlin · Offenbach, Germany3



RC−FILTER

DIFFERENTIATOR
R

R

R/2

INVERTER

DIVIDER

DIVIDERPEAK DETECTOR

PEAK DETECTOR DIVIDER

R

R

R/2

INVERTER

R

R

R/2

INVERTER

RF

CF
Vsense

R1
R2

CF

CRS
R

R|| RS

R1

R1|| R2
CP

D1RP1

D2

RP2 reset

CP
D1RP1

D2

resetRP2

R2

R1|| R2

R1

R1|| R2

R2

iC slope
value

iC peak
value

value
iC load

Figure 6 Implementation of detection stage in Figure 4.

is chosen in such a way that IRR,cal, the maximum value of
the overshoot given by the pulse generated with vCOM,3, is
smaller than the desired value, IRR,des (see Figure 7), even
for the highest load current. A test pulse is also generated
prior to the aforementioned one, using vCOM,1. It is used
only in the startup phase for determining p1,init and p2,init
and it does not influence the current through the load during
this phase. The two pulses are clearly separated, as to not
influence each other, by completely turning off the IGBT
after the first one, using vCOM,2, as shown in Figure 7.
RG,small is chosen small enough to obtain large values for
diC/dt. The initial width of vCOM,1, i.e. p1, is smaller than
tdelay,on in Figure 3, which means that the test pulse will not
appear at the very beginning. Then, p1 is increased in small
steps, after each switching iteration, until the overshoot be-
comes larger than IRR,cal, see Figure 7 (dotted line). In
order to determine the initial value for normal operation
p1,init, the time needed to further increase the peak collec-
tor current until it reaches the desired value must be added
to the current value of p1, denoted as p1,cur. Thus, for the
same load current, the value of p1,init can now be calculated
as

p1,init = p1,cur +
IRR,des− IRR,cur

diC/dt
. (4)

Afterwards, the length p2 is decreased in small, fixed steps
until the overshoot slightly increases over the desired value.
p2 is restored to its previous value, i.e. the smallest value
for which IRR is still below IRR,des, thus obtaining p2,init.
With p1,init and p2,init now being known, normal operation
as described in Section 3.1 can commence.

3.3 Implementation of the detection stage

In order to implement the closed-loop control concept, the
nominal, peak and slope values of the collector current iC
must be measured and sent to the microcontroller after each
pulse. The detection stage required for this is implemented
as shown in Figure 6.
The voltage on the sense resistor Vsense in Figure 4 is fil-
tered by a RC-filter in order to cancel the influence of the
series parasitic inductance of Rsense. Then, the slope is de-
termined by a differentiator, followed by a peak detector,
which holds the value of the slope long enough for the mi-
crocontroller to read it (upper signal path in Figure 6). The

peak value of the current is determined by a peak detec-
tor (middle signal path in Figure 6), and the value of the
load current flowing through the IGBT can be easily read
directly on the filtered iC waveform (lower signal path in
Figure 6). The peak detectors are reset once the micro-
controller has read the required information, using a signal
generated by the latter. The dividers and inverters are used
to adjust the signals to the 3.3 V input of the microcon-
troller.

4 Experimental results

In order to validate the effectiveness of the proposed
closed-loop control method, the testbench in Figure 4 was
used to create a burst of pulses that increase from 50 A
to 200 A in steps of 25 A. (This step size is much larger
than what is common in typical applications.) The low-
side switching device, as well as the high-side FWD were
part of a state-of-the-art 1200 V/200 A IGBT power mod-
ule. Measurement results are shown in Figure 8. (For clar-
ity, only every second pulse is plotted.) Initial values for p1
and p2 have been automatically determined during startup.
It can be seen that, although the pulses vary in amplitude
from one iteration to the other, the iC overshoot IRR is main-
tained at the desired value, in this case 60 A. The pulses
obtained with the CGD at the same IRR have considerably
lower slopes, as can be seen in Figure 8 (dotted lines).
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Figure 8 Burst of pulses with increasing amplitudes for
NGC (solid lines) and CGD (dotted lines).
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The waveforms for the collector current and gate current
during normal operation are shown in Figure 9 for a load
current of 125 A and a desired iC overshoot of 60 A. The
obtained results are in concordance with the desired imple-
mentation of the NGC method, see Figure 3. For other
values of load currents, iC and iG waveforms look similar.
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Figure 9 Shown are the collector current iC and the gate
current iG for a load current of 125 A during normal oper-
ation. These waveforms are obtained for the NGC method
and they correspond to the desired waveforms in Figure 3.

In order to further demonstrate the efficiency of the pro-
posed method for the 1200 V tested module, the IGBT
turn-on switching losses were calculated for both the CGD
and the NGC methods for a IRR of 60 A. The results are
presented in Figure 10 for different load currents. They
demonstrate the efficiency of the proposed method, achiev-
ing improvements in turn-on switching losses up to 48 %.
The major advantage of using the NGC method is shown
in Figure 11. Here, the improvements obtained with the
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Figure 10 Comparison of the IGBT turn-on switching
losses of the CGD and the NGC for a IRR of 60 A, plot-
ted over the load current. The symbols correspond to the
measurements, the lines are guides for the eye.

proposed method over CGDs are analyzed separately dur-
ing the rise of the collector current and during the fall
of the collector-emitter voltage, respectively, for a IRR of
60 A. The state-of-the-art solutions obtain improvements
over CGDs only during the fall of vCE, as can be seen in
Figure 2. In addition to that, Figure 11 shows that the
NGC method obtains significant improvements also during
the rise of iC, leading to highly increased efficiencies, even
with respect to the state-of-the-art methods.
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Figure 11 Shown are the improvements in turn-on
switching losses of the NGC method over CGDs during
the rise of the collector current iC and during the fall of
the collector-emitter voltage vCE, respectively, for a col-
lector current overshoot IRR of 60 A, plotted over the load
current. The symbols correspond to the measurements, the
lines are guides for the eye.

The efficiency of the proposed automatically controlled
method was also experimentally verified for different val-
ues of the overshoot IRR. Figure 12 shows that consider-
able improvements are obtained even for higher values of
IRR. Larger improvements are observed for lower values of
IRR, which is also when the stress on the devices imposed
by the reverse-recovery current overshoot is lower.
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Figure 12 Shown are the improvements in turn-on
switching losses of the NGC method over CGD for dif-
ferent reverse-recovery current overshoots IRR, plotted
over the load current. The symbols correspond to the mea-
surements, the lines are guides for the eye.
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5 Conclusion

An improved method for controlling the turn-on switching
process of IGBT power modules was implemented using an
adaptive, iterative closed-loop control. This implies mea-
suring the switching transients during one switching event
and automatically making corrections to the driving sig-
nals for the next event, in order to have an optimized wave-
form for the collector current. The algorithm needed to
implement the proposed solution contains only simple cal-
culations, based on information from the previous pulse.
These are measured using a straightforward detection cir-
cuitry that could even be integrated in an IC, which makes
the proposed solution easy to implement.
The functionality of the proposed closed-loop control has
been experimentally demonstrated for load currents that
vary from one switching iteration to another. The high
diC/dt achievable with the proposed solution allows con-
siderable reduction of turn-on switching losses. Thus, im-
provements up to 48% have been experimentally demon-
strated for a 1200 V/200 A power module at different load
currents. At the same time, a moderate value for the
reverse-recovery current overshoot of 60 A was maintained
during the entire operation, i.e. for a multitude of load cur-
rents. This reduces the stress on the components, open-
ing up possibilities for selection of components with lower
losses, e.g. faster FWDs.
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