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Junction Temperature Estimation Method in Multichip IGBT

Module Based on TSEPs

Jianxiong Yang! - Yanbo Che!" - Li Ran?? - Mingxing Du*

Abstract

With the development of high-power converter, safe
operation of IGBT modules with parallel chips is of
increasing importance. In multichip module, the uneven
solder layer degradation of parallel chips leads to junction
temperature difference between chips. However, the
specific situation of the junction temperature represented
by the external electrical characteristics of the module is
not clear when the junction temperature difference occurs
in the internal chip of multichip IGBT module. This paper
studies the physical meaning of junction temperature
estimated based on threshold voltage, maximum collector
emitter voltage change rate and maximum collector
current change rate by experiment. The experimental
results show that the temperature estimated from the
threshold voltage is very close to the highest temperature
of all the chips inside the module, and the junction
temperature estimated from the maximum collector
emitter voltage change rate and maximum collector
current change rate is very close to the average
temperature.

Keywords multichip IGBT module, junction temperature,
threshold voltage, collector emitter voltage change rate,
collector current change rate

1 Introduction

As the foundation and core component of power
electronic system, power module is the "hub" of power
conversion and control [1], which is in a very severe
working condition [2], and will withstand more than five
million power cycles in its life cycle [3], so the aging
problem is inevitable. According to the industrial survey,
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about 34% of converter failures are caused by device
failures [4], and 55% of system failures are mainly caused
by temperature [5]. In addition, studies have shown that
the failure rate of power devices will double when the
temperature increased by 10 °C [6]. Therefore, it is very
important to monitor the junction temperature of IGBT
module accurately: 1) the change of junction temperature
will affect the physical parameters of semiconductor and
change its characteristics; 2) Any change of IGBT health
state caused by common faults of power module (such as
bond wire lift off and solder layer fatigue) is reflected in
the change of IGBT junction temperature. Auxiliary
manual intervention can prolong the service lifetime of the
device. 3) Improving the power density of IGBT power
module, improving the system reliability and reducing the
cost.

At present, there are four popular junction temperature
monitoring estimation methods in the world: physical
contact methods, optical methods, thermal impedance
model prediction and thermo-sensitive electric parameters
(TSEPs). The physical contact measurement method is to
put the thermal sensor directly on the IGBT chip to
measure the junction temperature [7-8]. Although this
method is simple with low cost, it has strong invasiveness
and slow response speed. The optical measurement
method mainly uses the infrared camera to image the
object temperature [9-10]. This method has high accuracy
and can measure the surface temperature field distribution
of the die, but the cost is high. It is necessary to open the
package of the tested module for accurate measurement.
The thermal impedance model prediction method is to
simulate the junction temperature distribution through
finite element method when the power loss and thermal
impedance model are determined [11-12]. Although this
method is non-invasive, it is affected by the time-varying
thermal resistance network parameters, resulting in the
error of junction temperature prediction [13]. The physical
properties of semiconductor materials are closely related
to temperature. For example, the carrier concentration and
lifetime in silicon materials are positively proportional to
temperature, whereas the mobility is inversely
proportional to temperature [14]. The external
characteristics of semiconductor devices show a
monotonous trend with temperature, and the method of
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using this relationship to obtain the junction temperature is
called the thermo-sensitive electric parameters. The chip
itself is equivalent to a temperature sensor offering the
advantages of non-invasive measurement, low hardware
cost, fast response speed, and no effect on the reliability of
the device. It has become a research hotspot of IGBT
junction temperature extraction. Moreover, it is considered
as the most potential on-line junction temperature
extraction method for industrial applications.

Most studies regarding the monitoring of chip junction
temperature by TSEPs mainly focuses on single-chip
power modules. Commonly used TSEPs include Miller
plateau duration [15], voltage change rate between
collector and emitter [16], short circuit current [17], turn-
on/turn-off delay time [18], threshold voltage [19], gate
current [20], collector-emitter voltage [21], etc. However,
with the development of high-power converters, safe
operation of IGBT modules with parallel chips is of
increasing importance [22]. In the case of multichip
modules, given that the electrothermal characteristics of
the chips cannot be absolutely identical, together with the
non-uniformity of the cooling system and working
conditions of each chip, some chips will be subject to
higher stresses. The solder layers of the most stressed chip
will degrade first. Meanwhile, the increased thermal
resistance would accelerate the aging process, and cause
the uneven degradation in a multi-device system [23]. It
can be shown that the response of some TSEPs, may
reduce to such a level that they are no longer meaningful
in a multichip system with degradation of the solder layer
under a single chip. In the case of one IGBT die, the
estimated temperature can be regarded as the junction
temperature of die in concern. But what could happen if
two or more dies are paralleled and the temperature is
estimated? From the point of view of application, the
condition monitoring technology of power module with
parallel chip is urgently needed.

In this paper, the physical significance of junction
temperature estimated based on threshold voltage,
maximum collector emitter voltage change rate and
maximum collector current change rate is clarified. The
experiments show that the temperature estimated from the
threshold voltage is very close to the highest temperature
of all the chips inside the module, and the junction
temperature estimated from the collector current change
rate and collector emitter voltage change rate is very close
to the average temperature.

The remainder of this paper is organized as follows:
Section 2 clarifies the physical significance of junction
temperature estimated based on the TSEPs in a multichip
module. The experimental verification is presented in 3.
Finally, Section 4 concludes the paper.

2 Analysis of Temperature Estimation for TSEPs
in Multichip Module

The current carrying capacity of the IGBT module is
enhanced by connecting multiple chips in parallel. They
are considered as a promising solution to increase the
module or converter capacity. In this section, the physical
significance of the temperature estimated from the three
dynamic TSEPs in a multichip power module will be
described in detail.

2.1 Threshold Voltage

Since the multiple chips operate in parallel, as long as
the gate voltage reaches the threshold voltage of one of the
chips, the whole module will allow current to flow and
hence start to turn on. From equation (1), the threshold
voltage decreases with the temperature. Therefore, the
higher the chip temperature is, the lower will be the
threshold voltage and the sooner will the gate voltage
reach the lowest threshold voltage resulting in the entire
module to turn on. The chip with the highest temperature
will turn on first and be subject to huge current stress at
the moment of module switching on, causing further
temperature rise through a positive feedback mechanism.
Therefore, this is identified as the chip with the worst
stress and being most prone to aging and eventual failure.
The expression of threshold voltage of a multichip power
module is

Vthp (T ) :Vth (Tmax ) (1)
Consequently, the temperature estimated from the

threshold voltage is the highest temperature of all the chip
inside the multichip power module.

2.2 Maximum Collector Emitter Voltage change
rate during turn-off
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Fig. 1 Equivalent circuit model of n IGBT chips in parallel.

The equivalent circuit model of n IGBT chips in parallel
is shown in Fig.1, and the gate current ig is obtained as
follows
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During the turn-off period, the collector emitter voltage
increases rapidly when the gate current charges the Miller
capacitor, and the collector emitter voltage change rate
reaches the maximum value, which is [16]

n
dv, Iy

2 iz (®)

dt mx Cy(T) <

COXA qNB(T)g
\j yAY,
Cgc(T): Nce s NB(T)ka (4)
C, +A /w
2VCE

where, Cy; IS the gate-collector capacitances of Chip z.
From equations (3) and (4), the relationship between
maximum collector emitter voltage change rate and
temperature is obtained when n chips are in parallel can be
obtained

©)

>,

dv, ©)
dt max k z TZ
=1

When all the internal chips show the external module
temperature

dv Zl igz (t)
ce _ 1= 6
dt max nkTJ- ©)

where T; is the estimated temperature from TSEPS in
multichip power module. From equations (5) and (6), we
have

1 n
T, =H§1TZ (7)

Then the temperature estimated from the maximum
collector emitter voltage change rate should be the average
temperature of all the chip inside the multichip power
module.

2.3 Maximum collector current change rate
during turn-off

For inductive load, the maximum change rate of
collector current is [24]

dip 21, N -1, @
dt mx T +273.15,;5  7(0.003T +0.42)
300 )

where, 7 is the large injection lifetime in the cut-off
layer at 26.85 °C, and I, is the load current. Therefore, the
relationship between the maximum collector current
change rate and temperature is obtained when n chips are
in parallel can be obtained

n
. -d) i
g, U2 L,
w2 ©
e " 7°0.003T, +0.42nr
z=1
When all the internal chips show the external module
temperature

dii  _ -
dt max O.OOC-BrnTj +0.42nr

where T;j is the estimated temperature from TSEPS in
multichip power module. From equations (9) and (10), we
have

(10)

1n
T.==">T 11
, nle (11)

Then the temperature estimated from the maximum
collector current change rate should be the average
temperature of all the chip inside the multichip power
module.

3 Experimental Verification
3.1 Experimental Platform

In order to verify the theoretical derivation and the
physical significance of temperature estimation in a
multichip module, two parallel IGBTs are tested with
double pulse under the same driving signal. The Infineon
trench-gate IGBTs IHW25N120R2(1200V,25A) are
chosen as the DUTs (device under tests). The test circuit
and test bench are shown in Fig. 2, where Uq is DC link
voltage, C the DC bus capacitance, the upper leg is silicon
PiN diode in anti-parallel with load inductance L, and the
lower leg is tested device the paralleled IGBTs T1 and T2.
This topology is used to test a single device or two devices
in parallel. The first pulse is used to control for the load
current approach the set value and the second pulse is to
measure Ue and ic during the IGBT turn-on and off. To
simulate the switching characteristics of parallel IGBTs at
different junction temperatures, two electric heating plates
with temperature control are placed under T1 and T2
respectively to warm them precisely.

Before the test, the basement of T1 and T2 are warmed
for 20 minutes to ensure thermal equilibrium [25], which
means that the junction temperature and case temperature
are about equal to the temperature measured at the heating
plate. Then the paralleled IGBTs are triggered with the



©CO~NOOOTAWNPE

gating pulse and the measurement starts. A series of
characteristics of IGBT under different temperature
difference can be obtained by adjusting the temperature of
electric heating plate.

The same model and batch of products are selected to
parallel to eliminate the influence of inconsistency of the
IGBT's own parameters on the test results. The circuit
layout is symmetrical and the lead wire is as short as
possible to eliminate the influence of the layout of the
external circuit on the test results. By adjusting the
temperature of each electric heating plate, different
temperature difference is created. Changing the width of
the first pulse to construct different total load current I,
The experiment process is repeated to get the switching
process with different temperature difference and different
total current level.

;40-
VD& L§

Heating Plate

v O

(b) Test bench
Fig. 2 Double test circuit and test bench.

3.2 Threshold Voltage

The turn-on waveforms of Vg and I, for two parallel
IGBTs at the same temperature and 500V&45A, are
obtained by heating up the two parallel IGBTs to the same
temperature, and the results are shown in Fig. 3. The
measurement of the threshold voltage is based on the
value of the gate-emitter voltage obtained at the moment
of the IGBT being turned-on. The datasheet of the IGBT
used in the experiment suggests the corresponding gate-
emitter voltage when the value of conduction current is
0.58mA. It can be seen that threshold voltage decreases
with  temperature, exhibiting negative temperature

dependence. Fig. 4 shows the relationship between
threshold voltage Vi, and temperature when the conduction
current is 10mA, 30mA and 60mA respectively. It can be
seen that Vi, varies linearly with the measured temperature,
so this parameter can be used to estimate the IGBT
junction temperature. The temperature sensitivity under
different conduction current almost the same, which
equals to 9.64mV/°C approximately. The look up table of
threshold voltage could be constructed.

Vge(4v/div)

1(16A/div)

t(0.2us/div)

Fig. 3 Turn on waveforms of Vge and Ic for a series of parallel
IGBTSs at the same temperature at 500V&45A.

—8—1:=10mA| |
——1.=30mA
—e—I1=60mA| |

20 40 60 80 100
Temperature (°C)

Fig. 4 Relationship between threshold voltage and temperature

when conduction current is 10mA, 30mA and 60mA respectively.

The turn on waveforms of Vg and Ic for a series of
parallel IGBTs at different temperatures at 500V &45A are
obtained by heating the two parallel IGBTs to different
temperatures, as shown in Fig. 5. According to above, the
temperature sensitivity under different value of conduction
current is almost the same, hence, the corresponding gate-
emitter voltage of 60 mA conduction current is chosen to
obtain the threshold voltage. The temperature estimated by
the threshold voltage look-up table is shown in Table 1.
For example, when the high temperature IGBT chip is
heated to 40°C and the low temperature IGBT chip is
heated to 25°C, the temperature estimated through the
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threshold voltage is 37.51°C, which is close to the highest
temperature of the parallel chip. The estimated
temperature was always within 3 °C of the highest
temperature of the parallel chip all the tested conditions.
Therefore, it is verified that the temperature estimated
from the threshold voltage was found to be very close to
the highest temperature of all the chips inside the module.

L
= P
S
&, ‘:\.
> Vge
|—T1,T2=20°C
—T1=25°C, T2=40°C
> —T1,T2=40°C
k=] —T1=40°C,T2=60°C [
g —T1,T2=60°C
= —T1=60°C,T2=80°C
= T1,T2=80°C
—T1=80°C,T2=110°C
—T1,T2=100°C

t(0.2us/div)

Fig. 5 Turn on waveforms of Vg and Ic for a series of parallel
IGBTSs at different temperatures at 500V &45A.

Table 1 T; (°C) estimated by Vi when IGBT heated to different
temperatures

High(°0) Low(°C) Average(°0) Estimate (°C)
40 25 325 37.51
60 40 50 58.78
80 60 70 78.04
110 80 95 107.12

3.3 Maximum Collector Emitter Voltage change
rate during turn-off

The waveforms of dVe/dt during turn-off, for two
parallel IGBTSs at the same temperature and 500V&45A,
are obtained by heating up the two parallel IGBTs to the
same temperature, and the results are shown in Fig. 6. It
can be seen that maximum collector emitter voltage
change rate decreases with increasing temperature,
exhibiting negative temperature dependence. Fig. 7 shows
the relationship between maximum collector emitter
voltage change rate and temperature. It is obvious that
dVee/dtmax Vvaries linearly with the measured temperature,
so this parameter can also be used to estimate the IGBT
junction temperature. It is found that the temperature
sensitivity is about 9.43V/us*C under 500V&45A
switching conditions, and it is possible to create look-up
table of maximum collector emitter voltage change rate.

The waveforms of dVc/dt during turn-off, for two
parallel 1GBTs at the different temperature and
500V&45A, are obtained by heating up the two parallel
IGBTSs to different temperature, as shown in Fig. 7. The
temperature estimated from the maximum collector
emitter voltage change rate look-up table is shown in
Table 2. For example, when the high temperature IGBT

chip is heated to 60°C and the low temperature IGBT chip
is heated to 40°C, the temperature estimated through the
threshold voltage is 47.40°C, which is close to the average
temperature of the parallel chip. The estimated
temperature was always within 3 °C of the average
temperature of the parallel chip all the tested conditions.
Therefore, it is verified that the temperature estimated
from the maximum collector emitter voltage change rate
was found to be very close to the average temperature of
all the chips inside the module.

N eV
e W7
— 100°C / ///
/A
/// \\\\\
NIt

\WW

50.8 50.9 51 51.1 51.2 51.3
t/us

Fig. 6 The waveforms of dVce/dt for a series of parallel IGBTSs at
the same temperature at 500V &45A.
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Fig. 7 Relationship between dVce/dtmax and temperature at
500V &45A switching conditions.
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Fig. 8 The waveforms of dVc/dt for a series of parallel IGBTSs at
the different temperature at 500V &45A.
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Table 2 T; (°C) estimated by dVce/dt when IGBT heated to
different temperatures

High(°Q) Low(°0) Average(°0) Estimate (°C)
40 25 325 32.79
60 40 50 47.40
80 60 70 70.14
110 80 95 92.98

3.4 Maximum Collector Current change rate
during turn-off

The waveforms of dic/dt during turn-off, for two parallel
IGBTs at the same temperature and 500V&45A, are
obtained by heating up the two parallel IGBTSs to the same
temperature, and the results are shown in Fig. 9. It can be
seen that maximum collector current change rate decreases
with increasing temperature, exhibiting negative
temperature dependence. Fig. 10 shows the relationship
between maximum collector current change rate and
temperature. It is obvious that dic/dtmax varies linearly with
the measured temperature, so this parameter can also be
used to estimate the IGBT junction temperature. It is
found that the temperature sensitivity is about
13.55A/us**C under 500V&45A switching conditions,
and it is possible to create look-up table of maximum
collector current change rate.
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Fig. 9 The waveforms of dic/dt for a series of parallel IGBTs at
the same temperature at 500V &45A.
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Fig. 10 Relationship between dic/dtmax and temperature at 500V
&45A switching conditions.

The waveforms of dic/dt during turn-off, for two parallel
IGBTs at the different temperature and 500V&45A, are
obtained by heating up the two parallel IGBTSs to different
temperature, as shown in Fig. 11. The temperature
estimated from the maximum collector current change rate
look-up table is shown in Table 3. For example, when the
high temperature IGBT chip is heated to 60°C and the low
temperature IGBT chip is heated to 40°C, the temperature
estimated through the threshold voltage is 46.06°C, which
is close to the average temperature of the parallel chip.
The estimated temperature was always within 4 °C of the
average temperature of the parallel chip all the tested
conditions. Therefore, it is verified that the temperature
estimated from the maximum collector current change rate
was found to be very close to the average temperature of
all the chips inside the module.

0

IERRNNNN
AW ]
\\\\i\ W]

0

>

/—TLTZ:ZO"C
—T1=25°C,T2=40°C
—T1,T2=40°C
—T1=40°C,T2=60°C

W / —T1,T2=60°C

// |—T1=60°C,T2=80°C
—T1,T2=80°C
T —T1=80°C,T2=110°C
—T1,T2=100°C

51.1 51.15 51.2 51.25 513
t/us

did/dt(kA/us)
[=2] N I
/

L
///
/
==

Fig. 11 The waveforms of dic/dt for a series of parallel IGBTSs at
the different temperature at 500V &45A.

Table 3 Tj (°C) estimated by dic/dt when IGBT heated to
different temperatures

High(°0) Low(°Q) Average(°0) Estimate (°0
40 25 325 34.22

60 40 50 46.06

80 60 70 69.05
110 80 95 96.73

4 Conclusion

In this paper, the relationship between the terminal
characteristics of a multichip IGBT module and the
junction temperature of internal chips is analyzed. The
physical significance of the chip temperature estimated
based on threshold voltage, maximum collector emitter
voltage change rate and maximum collector current
change rate is clarified. Parallel discrete devices are used
to simulate multichip IGBT power module for
experimental verification. The experimental results show
that:

1) the temperature estimated from the threshold voltage
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is going to be very close to the highest temperature of all
the chips inside the module, and that estimated from the
maximum collector emitter voltage change rate or
maximum collector current change rate is going to be very
close to the average temperature.

2) the estimated temperature by threshold voltage was
always within 3 °C of the highest temperature of the
parallel chip under all the tested conditions, and the
estimated temperature from maximum collector emitter
voltage change rate or maximum collector current change
rate was always within 3°C or 4°C of the average
temperature of the parallel chips respectively.

3) the foundation device model is not itself novel. But it
is used to show a phenomenon in an IGBT module with
parallel chips, which leads to a new technique to model
the health condition of the module.
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