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Abstract—Insulated gate bipolar transistors (IGBTs) are used
in high-power voltage-source converters rated up to hundreds of
kilowatts or even a few megawatts. Knowledge of device switching
characteristics is required for reliable design and operation of the
converters. Switching characteristics are studied widely at high
current levels, and corresponding data are available in datasheets.
But the devices in a converter also switch low currents close to
the zero crossings of the line currents. Further, the switching
behaviour under these conditions could significantly influence
the output waveform quality including zero crossover distortion.
Hence, the switching characteristics of high-current IGBTs (300-
A and 75-A IGBT modules) at low load current magnitudes
are investigated experimentally in this paper. The collector
current, gate-emitter voltage and collector-emitter voltage are
measured at various low values of current (less than 10% of the
device rated current). A specially designed in-house constructed
coaxial current transformer (CCT) is used for device current
measurement without increasing the loop inductance in the power
circuit. Experimental results show that the device voltage rise
time increases significantly during turn-off transitions at low
currents.

I. INTRODUCTION

Insulated gate bipolar junction transistors (IGBTs) are
widely used in ac to dc and dc to ac power conversion [1]–[3].
The capacities of IGBT-based voltage source converters (VSC)
extend upto 100’s of kilowatts and even a few megawatts [3],
[4]. For a capacity of a few hundred kilowatts and dc voltage
ranging between 600V and 800V, the device current is of the
order of 100s of amperes [4]. The power dissipation in an
IGBT is quite high when it switches high current. Hence, the
switching characteristics of IGBTs at high currents have been
studied extensively [5], [6].

But, the line current in a voltage source converter is si-
nusoidal. Hence, the IGBTs also switch low currents close
to the current zero-crossings. The switching characteristics at
low currents could significantly influence the quality of output
waveform including distortion of line current at zero crossings.
However, the switching transition data are usually not available
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in the datasheets for low values of current [7], [8]. Hence this
paper studies the switching characteristics of 1200V/300A and
1200V/75A IGBT modules at low currents (less than 10% of
the rated current).

Measurement of switching characteristics require measure-
ment of the device current. The IGBTs and dc capacitors are
connected using a sandwich bus-bar arrangement to keep the
parasitic inductance low [9], [10] and prevent possible device
failure due to over-voltage. It is not possible to insert a current
probe in a sandwich bus-bar arrangement. Hence, a coaxial
current transformer (CCT) is used here to measure the device
current [11], [12].

The experimental setup is detailed in section II. The mea-
sured switching characteristics of the 300-A IGBT module
are presented in section III. The experimental procedure is
repeated on a 75-A IGBT module in section IV. The rise time
of the device voltage is shown to increase significantly at low
currents for both 300-A and 75-A devices. The implication of
this is discussed briefly in section V.

II. DESCRIPTION OF EXPERIMENTAL SETUP

A 300-A, 1200-V, half-bridge IGBT module
(SKM300GB124D) can be used as one leg of a 100 KVA
three-phase VSC. The module is configured as a chopper as
shown in Fig. 1 to study the switching characteristics of this
300-A IGBT. The device terminals and capacitor terminals
are connected with a sandwich bus-bar, as illustrated in Fig.2,
to keep the parasitic inductance low. To measure the device
current without increasing the stray inductance in the power
circuit, a coaxial current transformer (CCT) is employed [11].
This is mounted between the emitter terminal of the bottom
device and the negative terminal of the dc capacitor as shown
in Fig. 1.

The emitter current enters the outer limb of the CCT
primary through a bus-bar plate. This current leaves the CCT
through the inner (central) limb of the primary as illustrated
in Fig.2. The current flows into the negative terminal of the
dc capacitor through another bus-bar plate. A toroidal core
is placed in the annular region between the inner and outer
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Fig. 1. Test circuit configuration for obtaining device switching characteris-
tics.
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Fig. 2. Schematic representation of the coaxial current transformer and sand-
wich bus-bar structure [11]. (Figure dimensions are not to scale; Thickness
of plates and insulation are exaggerated for clarity.)

limbs of the primary. The secondary of the CCT is a thin
copper strip wound around a toroidal core. The secondary
current is measured by means of a commercial current probe.
A photograph of the experimental set-up is given in Fig. 3.
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Fig. 3. Photograph of the experimental setup.

The tests are performed at a dc bus voltage of 600 V. The

load current is switched between the top diode and bottom
IGBT (see Fig. 1), which is driven by a gate driver [13],
through a gate resistance (Rg) of 5.6 Ω. The on-state and
off-state gate voltages are +15V and -8V, respectively. A gate
voltage of -8 V keeps the top IGBT turned-off, ensuring that
it does not turn-on due to any oscillations initiated when the
bottom IGBT is switched.

A double-pulse chopper test is performed to obtain the
device switching characteristics [5], [12], [14]. A monoshot
double pulse gating signal and the corresponding current build
up in the RL load are illustrated in Fig. 4. The pulse width t1 is
selected to build up the load current (and device current) to the
desired level, before it is turned-off. A large load inductance
and a small notch width (t2) are selected to keep the load
current nearly constant during the notch. The device is turned-
on at the end of the notch period, when a short pulse of width
t3 is applied. The turn-off transient is captured at the end of the
interval t1; the turn-on transient at the desired current level is
captured at the end of the interval t2. The measured switching
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Fig. 4. Monoshot double pulse gate voltage and corresponding load current.

characteristics of the 300-A IGBT module are presented in the
following section.

III. EXPERIMENTAL RESULTS ON 300A/1200V IGBT
The turn-off switching characteristics of the 300-A IGBT

module (SKM300GB124D), obtained at a load current level
of 1A, are shown in Fig. 5(a). The measured collector current
ic, the collector-emitter voltage vCE , the gate-emitter voltage
vGE and gate current ig are shown by traces 1, 2, 3 and 4,
respectively. The turn-on switching characteristics at the same
current of 1A are presented in Fig. 5(b), with the traces defined
similar to Fig. 5(a). The switching characteristics are measured
at various currents ranging between 1A (0.33% of 300A) and
30A (10% of 300A). The switching characteristics at a current
level of 30A are presented in Fig. 6. The characteristics at a
higher load current of 150A are also shown in Fig. 7 to indicate
the typical switching characteristics of an IGBT.

The peak turn-on currents observed in Fig. 5 to Fig. 7 are
higher than the load currents being switched; this is attributed
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Fig. 5. Measured switching characteristics of SKM300GB124D at 1A current
level with Rg = 5.6 Ω (a) turn-off characteristics, Trace 1: collector current
ic (0.643 A/div), time scale: 1 µs/div (b) turn-on characteristics, Trace 1:
collector current ic (6.43 A/div), Trace 2: collector emitter voltage vCE (250
V/div), Trace 3: gate emitter voltage vGE (5 V/div), Trace 4: gate current ig
(0.893 A/div), time scale: 250 ns/div.

to the diode reverse recovery current. The ratio of the peak
turn-on current to the load current increases as the load current
magnitude decreases as observed from Fig. 8.

The turn-on delay time (tdon), the rise time (tr), the turn-off
delay time (tdoff ) and the fall time (tf ) are measured as per
[14], [15] at different values of load current. These are shown
in Fig. 9. It is seen from Fig. 9 that the turn-on delay time
and rise time are very small; these remain nearly constant at
low load current magnitudes. However, the turn-off delay and
fall times are much higher as shown by Fig. 9.

The typical turn-off current at higher current levels, depicted
at 150A in Fig. 7(a), is characterised by a fast falling current
(≈ 1300 A/µs), followed by a tail current falling with a low
slope. The tail current is insignificant in comparison to the fast
falling current portion of the transient.

But the turn-off characteristics at 30A in Fig. 6(a) is
significantly different from that at 150A in Fig. 7(a). The
collector current initially falls at a slow rate during the interval
when the collector-emitter voltage rises. After the collector
voltage has increased to the dc bus voltage, the current falls
quickly at around 240 A/µs. This is followed by a slow falling
tail. In contrast to the characteristics at 150A, the initial current
fall and tail current are significant in comparison to the fast
falling current. Also, at a very low current level of 1A, the
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Fig. 6. Measured switching characteristics of SKM300GB124D at 30A
current level with Rg = 5.6 Ω (a) turn-off characteristics, Trace 1: collector
current ic (12.85 A/div) (b) turn-on characteristics, Trace 1: collector current
ic (25.7 A/div), Trace 2: collector emitter voltage vCE (250 V/div), Trace 3:
gate emitter voltage vGE (5 V/div), Trace 4: gate current ig (0.893 A/div),
time scale: 250 ns/div.

current shown in Fig. 5(a) is characterised by an initial slow
falling current (≈ 0.2 A/µs), and then, a very short interval
of fast falling current, followed by a significant tail current
finally. Thus, while switching off at low current levels, the
initial current fall duration (when the device voltage rises)
and the tail current duration are significant. In fact, these two
intervals are more dominant than the interval during which
current falls steeply. Fall time is considered as the interval
between the instants the collector current falls from 90% to
10% of the load current. The measured fall times at low current
magnitudes increase to the order of a few microseconds as seen
from Fig. 9.

Further, when switching low currents, there is a significant
delay between the transition of the applied gate voltage and
that of the device voltage as seen from Fig. 5 and Fig. 6. When
the device is turned-on, the gate-emitter voltage rises gradually
from -8V (VGG−) to 15V (VGG+); the total gate voltage swing
is 23V. The turn-on voltage delay tdonv is measured starting
at the instant the gate-emitter voltage (vGE) has increased by
10% of the total gate voltage swing from VGG−. The turn-on
delay is measured till the instant vCE has dropped to 90% of
the dc bus or blocking voltage. Similarly, during device turn-
off, the turn-off voltage delay is measured from the time vGE

has decreased by 10% of the total gate voltage swing from
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Fig. 7. Measured switching characteristics of SKM300GB124D at 150A
current level with Rg = 5.6 Ω (a) turn-off characteristics (b) turn-on
characteristics, Trace 1: collector current ic (64.25 A/div), Trace 2: collector
emitter voltage vCE (250 V/div), Trace 3: gate emitter voltage vGE (5 V/div),
Trace 4: gate current ig (0.893 A/div), time scale: 250 ns/div.
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Fig. 8. Variation of the peak turn-on current of SKM300GB124D with the
load current, for Rg = 5.6 Ω.

VGG+. The turn-off delay tdoffv is measured till the instant
vCE has risen to 10% of the dc bus voltage. The fall time
tfv is defined as the time it takes vCE to decrease from 90%
to 10% of the dc bus voltage, during turn-on. Similarly, the
voltage rise time trv is defined as the interval in which vCE

rises from 10% to 90% of the dc bus voltage, during turn-off.
Thus, a device voltage (vCE) transition can be characterised
by a delay time and a rise/fall time.

The measured voltage delay and transition times at different
collector current levels are plotted in Fig. 10. It is observed that

0 5 10 15 20 25 30
0

1000

2000

3000

4000

5000

Collector Current (A)

T
im

e 
(n

s)

t
don

t
r

t
doff

t
f

Fig. 9. Variation of the device switching times of SKM300GB124D with
the collector current, for Rg = 5.6 Ω.
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Fig. 10. Variation of voltage delay and collector-emitter voltage transition
times of SKM300GB124D with the collector current, for Rg = 5.6 Ω.

there is a significant increase in the voltage rise time during
turn-off, when switching very low currents such as 1A.

The observations regarding the switching behaviour of
IGBT at low current levels are verified on a 75-A IGBT
module in the following section.

IV. EXPERIMENTAL RESULTS ON 75A/1200V IGBT

Experiments similar to those in section III are performed
on a 75-A, 1200-V IGBT module (SKM75GB123D) using
a 22 Ω gate resistance. The turn-off and turn-on switching
characteristics at 0.5A are shown in Fig. 11(a) and Fig. 11(b),
respectively. The switching characteristics at 7.5 A current
level are depicted in Fig. 12. The traces are defined in a similar
fashion as in section III.

The ratio of the peak turn-on current to the collector current
is observed to increase as the current being switched decreases
as indicated by Fig. 13. The variation of the device turn-on
and turn-off times with the collector current being switched
is depicted in Fig. 14. The variation of the voltage transition
times with the collector current is presented in Fig. 15. As
earlier, the turn-off voltage delay and voltage rise time are
longer at very low current magnitudes. Thus, the deviations
observed in the switching characteristics at low currents from
the typical switching characteristics, are similar for both the
75-A device and 300-A IGBT module.
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Fig. 11. Measured switching characteristics of SKM75GB123D at 0.5A
current level with Rg = 22 Ω (a) turn-off characteristics, Trace 1: collector
current ic (0.643 A/div), time scale: 500 ns/div (b) turn-on characteristics,
Trace 1: collector current ic (1.285 A/div), Trace 2: collector emitter voltage
vCE (250 V/div), Trace 3: gate emitter voltage vGE (5 V/div), Trace 4: gate
current ig (0.227 A/div), time scale: 250 ns/div.

The impact of the increased switching delay and collector
emitter voltage transition times on the inverter output voltage
is discussed in the following section.

V. DISCUSSION

When an inverter leg is switching low currents (around the
current zero-crossing), there is a significant delay between the
actual edge of the gating signal and device voltage transition.
Both the turn-on voltage transition and turn-off voltage tran-
sition are delayed by tdonv and tdoffv respectively. If tdonv
and tdoffv are roughly equal, then these result mainly in a
propagation delay that adds to the other propagation delays in
the system. However, as observed from Fig. 10 and Fig.15,
tdoffv is much longer than tdonv . Hence the effective duty
ratio is changed. This change is significant when the output
voltage pulse-widths are small. This happens particularly at
low modulation indices and/or high switching frequencies.

Further, the device voltage transitions are assumed to have
a very high slope. But, as observed from Fig. 10 and Fig.15,
the voltage rise time is significantly longer at low current
levels and decreases as the current being switched increases.
The voltage rise time can be significant in comparison to the
pulse-width; hence the output voltage pulse may no longer be
rectangular with vertical edges. This causes further deviation
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Fig. 12. Measured switching characteristics of SKM75GB123D at 7.5A
current level with Rg = 22 Ω (a) turn-off characteristics, Trace 1: collector
current ic (2.57 A/div) (b) turn-on characteristics, Trace 1: collector current
ic (6.43 A/div), Trace 2: collector emitter voltage vCE (250 V/div), Trace 3:
gate emitter voltage vGE (5 V/div), Trace 4: gate current ig (0.227 A/div),
time scale: 250 ns/div.
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Fig. 13. Variation of the peak turn-on current of SKM75GB123D with the
load current, for Rg = 22 Ω.

from the desired volt-seconds, particularly when the pulse
width is low as in the case of low modulation indices.

Further, a delay termed as dead-time is typically introduced
between the gating pulses of the complementary switches, to
prevent a shoot through fault from occurring during commu-
tation, due to the finite turn-off time of the IGBT. There is
a change in the output fundamental voltage and introduction
of harmonic distortion resulting on account of dead-time [16],
[17].
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Fig. 14. Variation of the device switching times of SKM75GB123D with
the collector current, for Rg = 22 Ω.
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Fig. 15. Variation of voltage delay and collector-emitter voltage transition
times of SKM75GB123D with the collector current, with Rg = 22 Ω.

Dead time compensation schemes [16], [17] mostly assume
that the voltage transition times are much shorter than the
dead-time interval. While this is valid for higher magnitudes
of load current, the voltage rise times are quite significant in
the vicinity of the current-zero crossing. Effective dead-time
compensation schemes should, hence, consider the variation
of the output volt-seconds on account of the switching char-
acteristics of the IGBT at low currents.

VI. CONCLUSION

The switching characteristics of a 300-A IGBT module
are studied experimentally at low current levels. Interesting
deviations, particularly during device turn-off, are observed
when small load currents are switched. The nature of the
variations in the device characteristics of a 300-A module at
less than 10% of the rated current is confirmed by testing a
75-A IGBT module also.

When switching low currents, the ratio of the peak turn-
on current to the collector current is observed to increase as
the load current decreases. The nature of the turn-off current
characteristics at low currents is significantly different from
the typical switching characteristics at higher currents. From
the turn-off characteristics, an initial interval during which
current falls slowly (during VCE rise), followed by a fast
falling current interval, and finally a tail current interval are

typically observed at low currents. The slow falling current
intervals dominate and hence the current fall time increases
with the decrease in the magnitude of the current switched.

The turn-off voltage delay and the collector-emitter voltage
rise times are longer and extend up to a few microseconds at
very low current magnitudes. The increased turn-off voltage
delay and collector-emitter voltage rise time have a significant
impact on the output waveform quality, particularly when the
output voltage pulse-width is low.
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