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Abstract
A novel method is presented for online estimation of the junction temperature (Tj) of
semiconductor chips in IGBT modules, based on the voltage drop (VEE’) across the parasitic
inductor that exists between the main emitter (E) and auxiliary emitter (E’) terminals. The peak
amplitude of the voltage drop (VEE’) was found to depend on the junction temperature at a
known current and DC link voltage. Also, the collector current can be estimated simultaneously,
by integrating VEE’ without the use of any additional sensors. Measurement circuits were
implemented to estimate Tj and the current, and their results are discussed. The results of
these measurement circuits when implemented in a real power electronic (PE) converter to
estimate Tj and current in real time are also presented. This method opens up a full set of new
opportunities for engineers and designers to better understand the behavior and performance
of high power modules in real PE applications.

1. Introduction:
The junction temperature (Tj) of semiconductor chips in IGBT modules during operation of a
power electronic converter is an important parameter, which provides information on the
operating status of the IGBT module. Information about the thermal cycles of the IGBT modules
during operation could be thus directly available. From this, important information could be
extracted e.g., prediction and evaluation of the remaining lifetime of IGBT modules [1-2].
Normally, the junction temperature of the IGBT modules is measured using either optical or
physical contact techniques that involve direct access to the chips inside the package or
require specially designed IGBT chips & modules [3]. Most of these existing methods
presented in the literature are not suitable to determine the Tj in real time or when the converter
is in operation. Alternatively, there are also methods reported to estimate Tj based on complex
thermal network models [4]. However, these methods are prone to evaluation errors and do
not include the aging effects of modules.
The most suitable approach to extract the junction temperature is to focus on “external”
electrical parameters that can be measured at the gate driver level. Electrical characteristics
of IGBTs change with Tj of the device due to their dependence on basic material properties
(e.g., electron mobility, carrier lifetime, intrinsic carrier concentration) [5]. Although these basic
material characteristics are not easily accessible, they lead to macroscopic changes of
electrical parameters called temperature sensitive electrical parameters (TSEP), which can be
measured. The most commonly reported TSEPs are turn-on and turn-off delay times,
transconductance (gm), threshold voltage (Vth), dVce/dt, dIce/dt, on-state voltage drop (Vce-on)
and saturation current [6-12]. Most of these TSEPs require either complex circuitry for
measurement and are very difficult to implement or are not suitable for real-time estimation of
Tj [10-11]. This paper introduces a novel approach for determining the Tj using a method,
which can be implemented easily at the gate drive level, thus being suitable for use during
converter operation. By measuring the voltage drop (VEE’) across the parasitic inductance
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between the main emitter terminal (E) and auxiliary emitter terminals (E’) of the IGBT, the
junction temperature can be estimated.
The junction temperature depends on the operating conditions of the IGBT, and becomes
highly dependent on the switching current. Hence, the simultaneous measurement of the
switching current and the junction temperature becomes significant in estimating the remaining
lifetime of the IGBT modules. The load current of the IGBT module during operation is normally
measured using expensive, bulky sensors such as Rogowski coil, current transformers etc. It
is not practical to install these types of sensors in converters for the measurement of the current
of the IGBT modules during operation. On the other-hand the IGBT load current could be
estimated directly from the electrical measurements at the IGBT terminals. The proposed
method in this paper can be used to estimate the IGBT current and the junction temperature,
simultaneously.

2. Physical background
Normally the emitter terminal of the IGBT is split into power-emitter or the main emitter (E) that
is connected to the power circuit and, the auxiliary emitter (E’) that is connected to the gate
drive unit (figure 1). The internal connections of the IGBT module cause parasitic inductances
(Le and Lσ in figure 1) between the main emitter terminal (E) and auxiliary emitter terminals (E’)
of the IGBT. This is due to the bonding wires and the screwed terminals. During switching
operation of the IGBT, the collector current IC flows only through Lσ and the gate current flows
through Le. Hence, the voltage drop across the parasitic inductance Lσ is dominant during
switching. This voltage drop can be used for the estimation of both current and junction
temperature.
Collector main terminal
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Fig.1. Electrical diagram of IGBT module internal structure, showing the parasitic inductance between
the main emitter (E) and auxiliary emitter (E’).

The parasitic inductance Lσ between the auxiliary emitter (E’) and the main emitter (E)
terminals (shown in figure 1) can be used as a sensor to extract the current flowing through
the IGBT. The derivative of the collector current flowing through this parasitic inductance (Lσ)
generates a voltage drop given by equation (1),

VEE ' = Ls

dI c
dt

(1)

Where VEE’ is the voltage drop measured between auxiliary emitter and main emitter, Lσ is the
parasitic inductance across which VEE’ is measured, IC is the collector current. The parasitic
inductor Lσ is shown in figure 1 between the auxiliary emitter (E’) and the main emitter terminal
(E).
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By integration of this voltage drop, the collector current during turn-off can be estimated
using equation (2),

Ic =

1
VEE ' × dt
Ls ò

(2)
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Fig.2. The measured differential voltage (VEE’) across the parasitic inductance between the auxiliary (E’)
and main emitter terminal (E).

The voltage measured between the auxiliary and main emitter terminal for module A (1.2 kV,
300 A module) at 600 V, 200 A and 25 oC switching condition is shown in figure 2. It could be
seen that there is a voltage drop with a peak at ~1.09 μs corresponding to the differential
voltage. The integration of this voltage peak would give rise to the corresponding current. The
measurement of differential voltage (VEE’) for the module A at a defined switching condition as
a function of temperature is shown in figure 3. It can be seen that the differential voltage
between the auxiliary and main emitter terminals when measured at different temperatures
gives rise to different peak amplitudes of voltage VEE’. The difference in peak amplitude of this
voltage at a particular current can serve as indicator for the device junction temperature. It can
be seen from figure 3 that the peak amplitude of VEE’ is higher (~42 V) at 25 oC and it starts to
decrease with temperature (~35 V at 100 oC). However, the area of the curve at each
measurement temperature is the same, as the curves are wider with increased temperature.
Hence, the switching current should remain approximately the same at all the temperatures
for this measurement condition (using equation 2). To verify this, the switching current was
calculated using the measured differential voltage (VEE’) at different temperatures and the
parasitic inductance (measured externally) using equation (2).
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Fig.3. VEE’ across the parasitic inductance for Module A at 600 V, 200 A switching condition for different
temperatures.
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The parasitic inductance (Lσ) was measured externally as a function of temperature and it was
found to be constant at ~10 nH at 1 MHz at all measured temperatures from 25 oC to 100 oC
for this module. The evaluated current was approximately the same as that of the switching
current (i.e., 200 A) at each measurement temperature. Hence, the operating conditions are
the same at each measurement temperature and the observed change in peak amplitude of
VEE’ is only due to the change in temperature. The decrease in peak amplitude of VEE’ with
temperature is due to the decrease in the dIC/dt with temperature as per equation 1 (as the
other parameter Lσ remains constant at all measurement temperatures).
The variation of dIC/dt with temperature can be analyzed using the equation 3 [13],
=

(

( ))

.

( ).

.

.(

−

( )) .

(3)

where αPNP is the gain of inherent bipolar PNP transistor, µ is the electron mobility, Cox is the
intrinsic gate oxide capacitance, W/L is the gate width/length ratio, Vth is the threshold voltage
and T is the temperature. The temperature dependency of inherent PNP transistor of the IGBT
is given by the gain αPNP in the first term of equation 3 and the temperature dependency of the
MOS transistor of the IGBT is taken into account by the mobility (µ) and the threshold voltage
(Vth) in the second term of equation 3. Both mobility (µ) and threshold voltage (Vth) decrease
with temperature causing the dIC/dt to decrease with temperature [6]. The decrease of mobility
(µ) with temperature directly translates to a decrease in dIC/dt, according to equation 3. The
reduction of Vth with temperature would increase the dIC/dt (equation 3). However, this effect
is dominated by the mobility degradation with temperature, especially at higher currents,
eventually causing the dIC/dt to decrease with temperature. Hence, the dIC/dt decreases
significantly with temperature causing the voltage VEE’ (across the parasitic inductor Lσ) to
decrease with temperature.

3. Experimental results
To measure the peak amplitude of voltage VEE’ and current during online converter operation,
a peak detector and an integrator circuit have been implemented. The peak detector contains
5 elements, an input voltage divider, an active diode, a memory capacitance, a reset switch
and an output buffer (figure 4).
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Fig.4. Circuit description of the peak detector.
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Referring to the figure 4, the input voltage divider (R710 and R711) fits the input value (0 to
~80 V) to the working range of the active diode (~4.5 V). The diode V702 next to the voltage
divider protects it against negative signal. The active diode is composed of the operational
amplifier U703A and the diode V700. The purpose of the circuit is to transmit the input voltage
to the memory capacitance through a diode with a theoretical zero voltage drop. The active
diode also provides the load current to the memory capacitance C713. The capacitance cannot
discharge due to the presence of the diode V700 and therefore, keeps the higher voltage value.
The active diode is fast enough in order to capture the small spike (or the voltage peak VEE’).
After reading the memory capacitance with the output buffer, the memory capacitance would
be set to the initial state (zero volts) with the reset switch N701A in order to allow the next
measurement. The output buffer U702A has a high impedance input to avoid the discharging
of the memory capacitance. The measured voltage VEE’ at the output buffer would be converted
into a digital value using a A/D converter and fed to the processing unit, which can then process
the data to estimate the junction temperature.
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Fig.5. The peak amplitude of voltage VEE’ as a
function of temperature measured using peak
detector at 600 V for modules A, B, C and at 900
V for module D.
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Fig.6. The peak amplitude of voltage VEE’ as a
function of temperature measured using peak
detector at 400 V and 600 V for module B.

The peak amplitude of voltage VEE’ measured using the peak detector circuit for different types
of modules A (1.2kV, 300A module), B (1.7kV, 650A module), C (1.2kV, 300A module –
different type from module A) and D (1.7kV, 1.6kA module) are shown in figure 5. It can be
seen that the measured peak amplitude of VEE’ decreases linearly as a function of temperature
at all measured currents for all the types of modules measured. It can also be seen that the
peak amplitude values are higher for higher currents at a given temperature (comparing peak
amplitudes at 300 A and 550 A for Module B; and peak amplitudes at 200 A and 300 A for
Module C). It should be also noted that the peak amplitude is different for different types of
modules for the same switching condition (comparing Module A and C at 200 A).
The peak amplitude of voltage VEE’ measured using the peak detector circuit as a function of
temperature at various current and DC-link voltages for module B is shown in figure 6. It can
be seen that the peak amplitude of voltage VEE’ is higher at higher current levels for any given
temperature, as also observed in figure 5. However, the peak amplitude of voltage VEE’ does
not show significant variation with different DC-link voltages for all measurement conditions.
Hence, it shows higher dependency on current and temperature, when compared with DC link
voltage. It can also be seen that the peak amplitude of voltage VEE’ has higher temperature
sensitivity at higher current levels. By benchmarking the peak amplitude of voltage VEE’ for a
given module type at different switching conditions (i.e., current, voltage and temperature), the
junction temperature of the IGBT could be estimated.

PCIM Europe 2014

5

www.pcim-europe.com

ABB Semiconductors Ltd.

Any change in current will induce a voltage spike on the parasitic inductance between the
emitter and the auxiliary emitter. This differential current signal in the form of a voltage would
be integrated using the integrator circuit, as shown in figure 7. Thus the output signal will be a
voltage proportional to the IGBT current. The output of the implemented integrator circuit as a
function of measurement current is shown in figure 8 for modules A, B, C and D. It can be seen
that the output voltage of the integrator is ~ 1 V at 100 A for module A. Using the value of
measured parasitic inductance Lσ (~10 nH) in equation (2) and considering the gain of the
integrator circuit, the measured value of 1 V corresponds to 100 A (which is the measurement
test current). It can be seen from figure 8 that the integrator output is linear with respect to the
measured current for all the modules. The integrator output voltage varies for different types
of modules at a given measurement current, depending on their parasitic inductance value.
Hence, with the prior information on parasitic inductance Lσ, the operating current of the IGBT
can be obtained directly using this integrator circuit during operation for any given module.
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Fig.7. Current measurement using the integrator circuit.
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Fig.8. The integrator output as a function of current measured for modules A, B, C and D.

4. Implementation in a converter
The peak detector and the integrator circuit to measure peak amplitude of voltage VEE’ and the
operating current were implemented in a converter (ABB 1MW compact converter) to estimate
junction temperature of IGBT modules in real time. Prior to the implementation in the converter
set up, the IGBT modules were benchmarked at various load conditions by performing
measurements in a separate double pulse set-up using a gate driver that includes the peak
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detector and the integrator circuit. From these measurements, calibration curves for voltage
VEE’ and current were obtained at different controlled switching conditions and baseplate
temperatures.
The converter was switched from 50 A to 550 A in steps of 100 A at a constant DC link voltage
of 800 V. The output of the peak detector circuit at a switching current of 250 A is shown in
figure 9. It can be seen that the digital output given by the peak detector closely follows the
shape of the voltage (VEE’) across the auxiliary emitter and main emitter terminal. The digital
value of peak amplitude of VEE’ is 4380, which corresponds to peak amplitude of 1.173 V. The
temperature corresponding to this peak amplitude from the calibration curve was found to be
~72 oC, which is the junction temperature of the IGBT modules at this operating condition. The
junction temperature was also verified using another TSEP – Miller plateau duration in Vge
curve, which we have reported elsewhere [10]. The Vge measurement circuit was also
implemented in the converter set up. The temperature directly given by this method using the
implemented Vge measurement circuit and Tj extraction model was ~75 oC. Hence, the
junction temperature estimated using the peak detector circuit in real time was validated.
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Fig.9. The output of peak detector implemented
in a converter at a switching current of 250 A.
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Fig.10. The output of integrator implemented in a
converter at a switching current of 250 A.

The output of the integrator circuit during the converter operation is shown in figure 10. It can
be seen that the measured current output during switching closely follows the shape of the
sinusoidal current. The peak current measured using the integrator is ~245 A, which
corresponds to the actual load current. Hence, the integrator output corresponds to the
switching current of the converter as expected.

5. Conclusion
A novel method using electrical characteristics has been proposed for the online
simultaneously estimation of the junction temperature and the operating current of chips in
IGBT modules. The differential voltage (VEE’) between the auxiliary and main emitter of IGBT
modules during turn-off can be used to estimate Tj as the peak amplitude of voltage VEE’ can
be directly related to the IGBT chip temperature. The differential voltage (VEE’) can also be
integrated to estimate the operating current directly. Hence, this method can yield both current
and junction temperature of the IGBT, simultaneously. Measurement circuits have been
implemented to extract both the peak amplitude of VEE’ across the parasitic inductance and the
operating current for various IGBT modules. The measurement circuits have also been
implemented in a real converter set-up and were found to successfully measure Tj and current
in real time. With the help of these measurement circuits, and a look up table for a particular
module type acquired under controlled switching conditions, the junction temperature of the
IGBT could be estimated directly at the gate drive or at the controller level. We expect that this
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novel method will open up a new world of opportunities for understanding the behavior and
performance of high power modules in real PE applications, with long term impact on improving
the PE system reliability and availability.
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