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Abstract: The usage of IGBTs in power electronics field
is increasing day by day and drawing the attention of
researchers to characterize its application in different
fields. One of the most important parameters for the
designers is to determine the energy losses introduced
by these devices. The manufacturers of IGBT do not
always provide this parameter in the same way and very
often at comparable values of the parameter may
correspond different behaviors. Moreover, in the tests
carried out by manufacturers, some aspects that are
responsible for a significant measurement uncertainty
are neglected or underestimated. With the development
of two new measurement system, this paper investigates
about some particular sources of uncertainty that can
affect static and dynamic loss of IGBT measurements.
In particular, evaluation on the effect of self-heating
process in the measurement of voltage drop Vce across
the collector emitter terminal. In addition, this paper
presents the effect of socket that holds the DUT in the
measurement of Vce. Finally, the result of investigation
on the effect of stray inductance in the switching
characteristic  measured  with  the  developed
measurement system is compared to the switching
characteristics given by the manufactures in the data
sheet.

L INTRODUCTION

The growing demand of low carbon emission power
system and deployment of smart grid is boosting the
usage of Insulated Gate Bipolar junction Transistor
(IGBT) that combines the high-speed switching and
voltage drive characteristics of MOSET with the low on
state resistance (low saturation voltage) characteristic of a
bipolar power transistor. IGBTs seizing the power
electronic industries attention in numerous field of
applications like power system, renewable energy, rail
traction, UPS, automotive, motor drive, consumer
electronics, and others. A report states that the market
size of IGBTs expected to reach more than $8 billion by
2020 at a compound annual growth rate of 9.5% from
2015 to 2020 [1]. The increasing demand of IGBT as an
ideal switch is due its high speed and low saturation
voltage characteristics and the improving cost-
performance ratio.

377

In designing circuits for power control in switching
applications, the usual way to select the best device is by
ensuring two important parameters. One is the on-state
voltage at rated current that depicts the conduction loss
that is responsible for the heat dissipation and the second
is the switching time that determines the energy loss per
transition in order to determine the operating frequency
of the IGBT.

Despite the manufacturers always declare these
parameters in their datasheets, very often the adopted test
condition differs. In particular, not only the test circuits
may vary, but also the definition and the parameters
considered for the evaluation may vary among the
different manufacturers. Hence, in order to have
comparative tests between different types of IGBTs, a
proper measurement system has to permit a high level of
flexibility in implementing and changing the definition of
the quantities to measure in an easy way. Moreover,
another mandatory task of the measurement system is to
have a good measurement accuracy that permits a reliable
analysis of the characteristics of an IGBT and a reliable
comparison with other similar devices [2, 3 and 4].
Taking into account these requirements, the use of a
virtual instrument approach may prove to be an efficient
solution in developing a measurement system for IGBT
testing.

The solution adopted in this paper is based on the
combined use of DAQ boards and traditional instruments
managed in LabView environment. Despite being simple
and low-cost structure, the developed system permits to
point out some very relevant measurement aspects that
usually are not considered properly in IGBT testing and
that may represent a relevant source of measurement
uncertainty in the evaluation of some critical parameters.

The organization of the paper is as follows. Section I
describes the main parameters of interest of the IGBTs,
discussing the different possible conditions adopted by
the manufacturers in their evaluation. Section II presents
the hardware and software solutions implemented in the
developed measurement system. Section III and Section
IV dedicated to the discussion about some particular
measurement uncertainties that affects the static and



dynamic characteristics measurements, which are very
often underestimated.

II. MAIN IGBT LOSSES: DEFINITIONS

One of the main parameter considered in the design
process is the energy losses caused by the IGBT during
its two working states on and off. There are two types of
losses: the conduction loss and switching loss. The
conduction loss occurs when the device is in on-state and
conducts a current that produces a voltage drop between
the collector and emitter terminals and the related power
dissipation can be expressed as:

Py = [0 Lo (£) XVe (£)dt )

where t, is the time interval of the conducting phase, /..(?)
and V.(t) are the current and the voltage between
collector and emitter respectively.

Despite the current and voltage are time-dependent and
can vary during the time interval t,. Very often, for the
sake of simplicity, the evaluation of static losses
considers both the current I, and the voltage Vce as
constants. This first order approximation requires the
value of the V.. i, which represents the value of the V.,
voltage for a given constant current. Hence, the IGBT
manufacturers provide many values of V., 4 for different
values of /., and at different temperature conditions.

In addition to the static losses, another important
phenomenon is the switching losses that occur during the
state transition of the device i.e. from on state to off state
or vice versa. During the state transition, there is a
voltage drop between the collector and emitter terminals
when the current is still flowing through the same
terminals and this causes an instantaneous power loss and
is very important for the reliability of the device. Since
this power loss may heavily affect the junction
temperature of the IGBT, one prefers to evaluate this loss
in terms of energy instead of instantaneous power
represented by two different quantities: E,, and E,; for
the any state transition, and expressed as:

Eon = Ji,, Vee ()X Ie (£)dt ()

Eaff = ffoff Vce(t)x Ice(t)dt (3)

Where, t,, and t,y characterize the time intervals with
significant energy losses and it is clear that their
definition is very important since different choices can
lead to different evaluations of the same quantities. There
is no common definition for the parameters #,, and t,;
among different IGBT manufactures. For instance, some
of them define ¢,, as the elapsed time between the time
corresponding to that at which the current reaches a given
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percentage of the rated value and those in which the V7,
fallen to a given percentage of supply voltage. The
percentage values can vary according to the
manufacturers. Others manufacturers prefer to refer the
starting time of the ¢,, interval to a given value of the gate
voltage. Actually, every measurement system devoted to
this kind of measurements should be characterized by a
proper flexibility and configurability as this becomes
mandatory, if the target is to compare the performance of
IGBTs from different manufacturers, as it is in our
research activity.

III. DEVELOPED MEASUREMENT SYSTEM

The testing of IGBT for the static and dynamic
characteristics are performed with two different
measurement systems: one dedicated to measure the
conduction loss and the other for the switching losses.

The measurement system for static measurements
comprises a Printed circuit board (PCB) jig with a socket
to hosts the device under test, a commercial gate pulse
drive and a shunt to measure the current through the
device. A DC voltage generator, a DAQ board and a PC
with LabView environment are connected to form the
complete measurement system as represented in Fig. 1.
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Fig. 1. Measurement system for static characteristics.

A pulse of width 0.5ms defined in the LabView program
is applied to the IGBT through a gate driver that boosts
the signal and drives the gate terminal through a resistor.
The DC voltage generator also controlled by the
LabView program sets the voltage level that permits to
have the required current flow in the IGBT. A 16-bit
resolution DAQ board with a sampling rate of 100 kS/s
acquires the voltage between collector and emitter and
the current signal (namely the voltage drop on the
resistive shunt). When setting up the voltage generator for
the rated current, even in the case of a fine-tuning of the
DC voltage generator, it is not possible to guarantee the
precise target current value. In fact, the current depends
also on the specific V. s, of the device under test. Hence,



the measurement is performed for current value as close
as possible to the rated one and post-processing the
measured data permits to interpolate the V.. . at the rated
current value.

The measurement system for dynamic characteristic uses
the traditional double pulse test [5, 6 and 7] and a
clamped inductive load as shown in Fig. 2. A PCB jig
hosts a capacitor capable to deliver the energy needed for
the test and a socket hosts the device under the test.
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Fig. 2. Measurement system for dynamic characteristics.

The DC generator charges the capacitor at the rated
voltage and is isolated before triggering the gate pulse. A
high voltage probe is connected between the collector and
emitter while a wide bandwidth coaxial shunt permits to
convert the current pulses into correspondent voltage
pulses. Since the edges of these pulses have to be
sampled with a proper time resolution, an 8-bit digital
scope with four isolated channels is used as data
acquisition system, working at a minimum sampling rate
of 1 GB/s per channel. A PC with LabView environment
sets up the arbitrary waveform generator with the defined
pulse width, the voltage level of the DC voltage generator
and all the control of the digital oscilloscope. A user-
friendly front panel of the LabView program allows
changing the acquisition parameters for obtaining an
accurate signal. Waveforms are stored in files as well as
the computed energy.

Iv. STATIC MEASUREMENT METHODS AND

RELATED SOURCES OF UNCERTAINTIES

The measurement of V., ,, is a very simple task from a
conceptual point of view, as it only requires measuring
the voltage drop at the terminals of the device when a
constant current is flowing through them. However, the
duration of the test at which the measurement is
performed may be a critical parameter. Since the device
is tested usually without the aid of any heat sink, it is
mandatory to verify that the self-heating of the device
does not significantly vary the temperature of the device
during the test. This is especially true when the test is
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performed keeping the case of the IGBT at high
temperature, i.e. 100°C or 150°C.

Usually, this test is based on a single current pulse, such
that the subsequent energy stored in the device under test
(that can be assumed as an adiabatic process) can be
estimated as:

Ese = IceXVce,sattiulse (4)
where, I, represents the amplitude of the current pulse,
Vee sat is the voltage drop between collector and emitter
due to current I, and £, is the pulse width. It is clear
that for longer measurement time the energy stored inside
the device is higher with the corresponding increase in
the junction temperature and this possibly introduces
uncertainty in the V.. ., measurement. This effect has
been investigated for different kinds of IGBT by
measuring the increase of V.,  as a function of #,,,. For
an IGBT series having a TO220 package and 20A of
rated I, the average variation of the V.. . is represented
in Fig. 3.

Self-Heating effect

v]

Variations

Time [us]

Fig. 3. Vee s variation versus time during the static test.

The pulse width has been extended up to 900 us, even if
in some industrial test this kind of test is based on the use
of multimeters and it may requires more time (up to some
milliseconds). Anyway, it is clear from Fig.3 that, also
with the adopted measurement time, there is a self-
heating effect and the voltage drop of the junction
increases over time. For a pulse of 900 us, the variation is
about 12 mV, which is about 1% of the typical value of
the Ve s Usually, this value is negligible considering
the possible dispersion of the parameter V. , that
characterizes the usual industrial production of IGBT.
Therefore, we can conclude that the self-heating effect
can be neglected, if the pulse duration of the
measurement parameters is below 1ms.

Another aspect that plays a more important role in the
Vee s measurements is the method used to pick up the
voltage signals at the level of device pins. Very often, in
the automatic procedures of test, a socket is employed to
insert the IGBT in the PCB jig in order to save time when
testing a large number of devices.



The socket must withstand the rated current values of the
IGBT wunder test for the time required by the
measurement process assuring a high reliability even at
the higher temperature and most importantly, their
contact resistances should not introduce a significant
error in the V. ,, measurement. Therefore, in the market
some specific sockets are available for transistors testing
specially designed with a double contact and terminal to
support any type of IGBT pin. Practically, the IGBT pin
is inserted between two separated spring contacts that
work on the top and the bottom surface of the pin. This
type of contact is also called as “kelvin” contact, because
it should work following the principle of the separation
between the electrodes carrying the current from those of
sensing the voltage. Unfortunately, it is not completely
achieved in the case of the V. ,, measurement. Typical
structure of this type of sockets is shown in Fig. 4 and it
is clear that the current injection is at the same position
but on different surface of the point where the voltage is
measured and is not at a proper distance as required for a
correct kelvin insertion.
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Fig. 4 Internal structure of a “kelvin contact” socket.

As a matter of fact, the effect of the contact resistance
cannot be excluded as usually happens in an accurate
kelvin insertion, especially when the current value is
high, because the voltage drop due to the contact
resistance is localized in the same position where the
voltage signal is picked up. These effects can be
evaluated directly by comparing results obtained by
measuring the voltage drop at the terminals of the socket
and that obtained placing the voltage probes directly on
the IGBT pins (in the free part between the contact and
its body), by means of two clips. Two different
commercial sockets have been used, especially designed
for the testing the in-line devices with three leads. Socket
1 has gold plated on nickel boron contacts, while the
socket 2 presents gold plated on beryllium copper
contacts. The continuous rated current of the first socket
is three times that of the second one (3 A).

The measurement results are reported in Table 1. As
expected, the first socket presents better performance, but
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even in this case the voltage drop is relevant even at the
lower current values. At the rated current value of the
IGBT under test (20A), the socket may be responsible for
a very large error in the V. ; measurement. It is clear
that despite these kind of sockets are defined as having
“kelvin contacts” by the manufactures their use has to be
limited only for testing activities involving current with
much reduced amplitudes.

Table 1. Effect of socket in Vce_sat measurement.

Current [A] Socket 1 Socket 2
Voltage drop [V] | Voltage drop [V]
5 0.13 0.234
10 0.27 0.42
15 0.41 0.66
20 0.55 0.89

V. SWITCHING TEST: EFFECT OF
STRAY INDUCTANCE

Switching tests requires the DUT to close and open in the
circuit at its rated current and voltage. For most of the
interesting families of IGBT, the value of current is in the
order of some tenth of amps, and the voltage supply is in
the order of some hundreds of volts. The simplified
circuit shown in Fig. 5 is usually employed for this test.
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Fig. 5 Simplified circuit for switching test of the IGBT

The DUT is driven with a double pulse, where the first
pulse has a longer time duration that permits to charge the
inductor linearly with time to the rated current value.
When the current value is equal to the target value, the
DUT turns off and the current continues to flow in the
mesh represented by the inductor and the freewheeling
diode. The voltage between collector and emitter goes
back to the level imposed by the DC voltage supply (V).
When the second pulse triggers the gate of the IGBT
successively, the device turns on and the current again
flows through the IGBT. In the ideal model, the
amplitude of the current becomes instantaneously equal
to that flowing before in the diode and inductor mesh.
The time duration of the second pulse has to be shorter
enough in order to avoid an excess of energy storage in
the IGBT that can damage it.



The most critical evaluation in the switching test is that
referred to the E,, energy. In particular, this value can be
influenced heavily by the presence of stray inductances in
the mesh including the device, the inductor and the power
supply. These inductances are due to wires, PCB tracks
and socket leads that are necessary to connect different
devices. However, they are responsible for a voltage drop
during the turn-on phase. The current increases with an
almost constant slope that depends on the specific DUT.
Hence considering a single equivalent stray inductance
Ly, the voltage drop is:

di(t)

Vs =L ac

= kL (5)

This voltage drop reduces the voltage across the DUT, so
that E,, is evaluated at (V,.— V;) value instead of V., thus
producing an underestimation of the energy required by
the device for its commutation. A higher V. increases the
error in E,, measurement. Unfortunately, in the setup
used by the manufacturers for their device testing, very
often the stray inductances have no negligible values,
because of the requirements to have flexible and
universal test bed. In the datasheets of the manufacturer,
typical values of this parasitic element may range from 30
nH to 200 nH. Since derivative of the current may
assume values of about 1x10° A/us, the voltage drop can
result more than one hundred volts and hence heavily
affects the E,, measurement. Unfortunately not always
this effect is properly considered even if it can be
recognized easily in some waveforms that are reported in
commercial datasheets [8] as depicted in Fig. 6. The
equivalent stray inductances on the two cases are about
94 nH and 200 nH respectively
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Fig 6. Turn-on Loss Waveform for two different
commercial IGBT.
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On the contrary, with a careful design, in our setup the
stray inductances are limited and well controlled. This
has been obtained using a reservoir capacitor closed to
the socket of the IGBT and carefully designing the PCB.
Practically, the capacitor provides all the energy required
by the test and its capacitance is selected in order to store
an energy that is at least one thousand times the energy
loss during the turn-on phase. In this way, the voltage
variation at its terminals is negligible also during the
overall #,, phase and then the test is performed at a
constant voltage.
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Fig. 7. Turn on waveforms collected with the developed
measurement setup

Fig.7 represents the turn-on waveforms collected with our
measurement systems for the same device whose
waveform is shown in Fig 6. The voltage drop due to the
stray inductances is about 35V in 17ns, which correspond
a current slope of 0.73 A/ns. The resulting value of the
equivalent stray inductance is about 42 nH.

VL CONCLUSION

The low switching losses make IGBTs the preferred
technology for high voltage applications in the electrical
systems. Manufacturers continuously present new
technologies and designs, able to extend and increase the
performance of IGBTs, in terms of static and dynamic
losses. This growing availability not always becomes an
immediate simplification of the work for the designers
and users. In fact, different approaches in the definitions
and measurements of the main energetic parameters of
the IGBT followed by the manufacturers do not permit a
real and easy comparison between different devices,
having similar rated characteristics. In a practical point
of view, this problem can be easily overcome by means
of simple and direct comparative tests that do not require
complex instrumentation.

However, this apparent simplicity of the measurement
process can hide some very critical measurement aspects.
In this paper, three of these sources on measurement
uncertainties are highlighted and analyzed. The first one
is represented by the effect of the self-heating process
that affects the device in the static test and then the error
introduced by the socket that is more critical in the
measurements of the junction voltage drop in the static
test. Since the use of a socket cannot be avoided for
practical reasons, it has been pointed out that their effects
in terms of increment on voltage drop have to be
carefully considered and compensated. Finally, the
problem related to the stray inductance has been
investigated, pointing out that in some commercial
reports, it is clear that the measurements have been
performed in presence of a large stray inductance and
hence the declared values of energy losses can be affected
by a relevant underestimation.



VIL REFERENCES

L. Hong, "Market and Technology Trends in WBG
Materials for Power Electronics Applications," in
CS MANTECH Conference, Arizona, USA, 2015.
P. Tenca and F. Chimento, "Proper Metrological
Methodologies to Avoid Severe Systematic Errors
When Characterizing High-Power IGBTs on the
Installation  Field: An Introduction,” IEEE
Transactions on Industry Applications, March 2013,
vol. 49, no. 3, pp. 1438-1451.

Y. Shen, Y. Xiong, J. Jiang, Y. Deng, X. He and Z.
Zeng, "Switching Loss Analysis and Modeling of
Power Semiconductor Devices Base on an
Automatic Measurement System," in IEEE
International Symposium on Industrial Electronics,
Montreal,Que, 2006.

Kaikai Zou, Lei Qi, Xiang Cui, Guoliang Zhao, Bo
Zong, "The Design and Measurement of Test
System for Dynamic Characteristics of IGBT," in
2014 International Conference on Power System
Technology (POWERCON 2014), Chengdu, Oct.
2014.

N. Munk, "An advanced measurement system for
verification of models and datasheets," IEEE 4th
Workshop on Computers in Power Electronics, pp.
pp. 209-214, 1994.

V. Kumar, S. Reddy and G. Narayanan,
"Measurement of IGBT switching characteristics
and loss using coaxial current transformer," in 2012
IEEE 5th India International Conference on Power
Electronics (IICPE), Delhi, 2012.

A. Anthon, J. C. Hernandez, Z. Zhang and M. A. E.
Andersen, "Switching investigations on a SiC
MOSFET in a TO-247 package," in 40th Annual
Conference of the IEEE Industrial Electronics
Society, Dallas, 2014.

International Rectifier. IGBT with ultrafast soft
recovery diode, Datasheet.

382



