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Abstract

In this paper, an online junction temperature monitoring method based on the on-state voltage under high collector current
density measurements for IGBT power modules is proposed. Unlike the conventional junction temperature monitoring
method, the presented method can extract the junction temperature during operation without altering the modulation strategy
or topology of the converter. The proposed method is verified by simulations and the JEDEC-51 standard recommended
approach. To accurately extract the on-state voltage during operation, a measurement circuit that combines the advantages
of both the active MOSFET clamp and the diode clamp is designed and tested. It has been shown to have good accuracy and
a rapid response time. After the calibration results are obtained, the presented method is applied to a three-phase voltage
source converter controlled by a closed-loop SVPWM modulation strategy.

Keywords IGBT modules - Online junction temperature monitoring - On-state voltage measurement circuit

Abbreviations

Cox Oxide capacitance (nF)

D, Ambipolar diffusivity (cm? /s)

Jc Collector current density (A/cm?)

k Boltzmann constant (J/K)

Ky Threshold voltage temperature coefficient (V/K)
L, Ambipolar diffusivity length (pm)

Lcy Channel length (pm)
Intrinsic carrier concentration (cm™)

nl

p Cell pitch (pm)

q Unit charge (c)

S Relative thermal sensitivity factor (%/°C).
T Temperature (K)

T, Room temperature (K)

ty of  Turn-off delay time (ns)

Hoi Channel mobility (cm/s)

P< Pugi Ning

npq@mail.iee.ac.cn

Key Laboratory of Power Electronics and Electric Drive,
Institute of Electrical Engineering, Chinese Academy
of Sciences, Beijing, China

Institute of Electrical Engineering, Chinese Academy
of Sciences, Beijing, China

University of Chinese Academy of Sciences, Beijing, China

Collaborative Innovation Center of Electric Vehicles
in Beijing, Beijing, China

Veewe) On-state voltage under a low current (mV)
Veecy On-state voltage under a high current (mV)

A Gate—emitter voltage (V)

Viu Threshold voltage of an elemental MOSFET (V)
Vino  Threshold voltage at room temperature (V)

Wy Drift region width of an IGBT (um)

1 Introduction

Junction temperature is an important design and operation
parameter. It is also a key factor in terms of lifetime esti-
mation [1-3], reliability evaluation [4, 5], active thermal
control [6-11] and over temperature protection [12] for
semiconductor power devices. Junction temperature is also
very important for power module [13, 14] and power con-
verter [15] design. Power device lifetime estimation meth-
ods predict lifetime using evaluation models, where junc-
tion temperature is the most important indicator. Other than
the lifetime prediction, power module reliability evaluation
focuses on module failures caused by material degradation.
Figure 1 illustrates a typical multilayer structure and the
relative materials in IGBT modules. Most failures occur
around the semiconductor chips due to the large difference
coefficients of the thermal expansion between different lay-
ers, especially bond wires, semiconductor chips and solder
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Fig.2 Active thermal control implementation

joints, which are the inducements of bond-wire liftoff and
solder joint degradation, respectively.

More importantly, for semiconductor devices, especially
MOSFETs, special attention should be paid to the negative
bias temperature instability (NBTI) issue [16, 17]. NBT
stress-induced threshold voltage shifts for n-channel power
VDMOSEFETs are presented in [18]. Once n-channel devices
are exposed to a negative gate bias and the temperature is
evaluated at any stage of their operation, the related insta-
bilities can actually be more serious than those found in
p-channel devices. Hence, the junction temperature needs to
be monitored synchronously and accurately to evaluate reli-
ability. This is especially true for n-channel power devices.

A thermal analysis of power systems reveals that some
of the power semiconductor devices in the same converter
can be more stressed than others [19]. Consequently, it is
necessary to modify the modulation strategy according to
the junction temperature as shown in Fig. 2. In addition to
conventional closed loop control strategies, an additional
junction temperature loop is set as a feedback to regulate
thermal stress by adjusting the switching frequency and cur-
rent limit.

In [20], S. Yang defined three categories of junction tem-
perature extraction methods: electro-thermal model based
junction temperature estimation methods [21, 22], sensor-
based junction temperature monitoring methods [23, 24] and
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temperature sensitive electrical parameters (TSEPs)-based
methods [25-27]. C. Sintamarean estimated the junction
temperature rise of an IGBT module using a power device
losses model and a thermal impedance network in [21].
However, it does not take the materials degradation into
account. An adaptive method to update the thermal imped-
ance model was proposed to calibrate the error caused by
aging effects [22]. Nevertheless, it is hard to extract an
accurate thermal impedance network under different opera-
tion conditions. Therefore, an electro-thermal model-based
method is not appropriate for online junction temperature
monitoring.

Other commonly used approaches to monitor junction
temperature are the sensor-based methods, which include
physical and optical measurement methods. Optical meth-
ods, such as infrared cameras and optical fibers, have high
measurement accuracy. However, they are prevented by
power module packaging and dielectric gel. Physics-based
junction temperature monitoring methods are widely used
in commercial power modules. Thermal sensitive resistors
and thermocouples are installed on the surface of a substrate,
which is the nearest available location to chips. Due to the
thermal impedance between the semiconductor chip and the
substrate, there exists a non-negligible error between meas-
ured temperature and real junction temperature. Although
thermal test chips (TTC) [23] can be applied to extract the
online junction temperature by the polysilicon sensors set
in the metallization layer of a semiconductor chip, it is only
a local measurement and the peak of the chip temperature
caused by the void of solder is hard to obtain. More impor-
tantly, sensors are installed through power loops which
means special attentions need to be paid to insulation prob-
lems and electro-magnetic interference (EMI) problems.

Using the TSEPs of a chip is a feasible approach to moni-
tor junction temperature accurately without modifying the
active surface of a device. In [24], Z. Zhang presented a
junction temperature monitoring method based on turn-off
delay time #; . measurement, and applied it to a half-bridge
invertor. To obtain #; ¢ accurately, the turn-off gate resis-
tor was enlarged to 300 Q which increases the additional
turn-off losses. H. Chen analyzed the temperature variation
of threshold voltage V,;, and proposed a junction tempera-
ture measurement method based on it in [25]. However, the
chosen gate resistor is 265 kQ to ensure the accuracy. More
importantly, the threshold voltage is hard to measure during
operation.

Z. Xu used short-circuit current Ig- as a TSEP and
applied it to dc—dc and dc—ac converter applications in
[26]. Although, it has good linearity, an additional pass-by
IGBT is required to generate short-circuit conditions, which
increases total power losses of a converter. In [27], D. Ber-
gogne proposed a saturation current /,, based IGBT junction

sat
temperature measurement method. The foremost problem is
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that the saturation current rises exponentially with junction
temperature increases. In addition, hundreds of milliamps of
saturation currents are difficult to measure.

In [28], Y. Zhu used an on-state voltage drop under a low
current as a TSEP and applied it to a H-bridge invertor. The
foremost problem is that a very low measurement current
can be easily interfered with. Moreover, an additional cur-
rent source is required in parallel with the device under test.
Each TSEP has its advantages and disadvantages in terms
of sensitivity, linearity, complexity of additional circuits and
possibility of online measurements. Among these assess-
ment criteria, special attention should be paid to the sensi-
tivity of the TSEPs. A method of comparing the accuracy
of different TSEPs was proposed in [29] using the relative
thermal sensitivity factor:

_ sl

= 1 0/°
|val max| X 100(%/°C) M

where s and val max are the temperature sensitive and maxi-
mum measured values of the TSEP, respectively. A com-
parisons of TSEPs for online temperature monitoring are
listed in Table 1.

This paper aims at developing an accurate and compact
online junction temperature monitoring method for IGBT
power modules that are the most widely used in industry
applications. On-state voltage at a high current is chosen as
a TSEP due to its good linearity, freedom from converter
normal operation interference, and measurement under the
conduction state, which is extremely appropriate for over
temperature protection applications. Existing V. c)-based
IGBT junction temperature monitoring methods [30-33]

Table 1 Comparisons of TSEPs for temperature monitoring

are mostly empirical. They do not analyze the relationship
between the on-state voltage drop V), the collector cur-
rent [, the gate driver voltage V,, and the junction tem-
perature 7} in principle. More importantly, these methods
are mainly applied to thermal impedance tests under the
steady state. They are seldom used in a converter under
operating condition. Additionally, for high-power semicon-
ductor devices with high blocking voltages, special atten-
tion need to be paid to the on-state voltage measurement
circuits. Compared with the method proposed in [30], this
paper presents a faster and more accurate on-state voltage
measurement circuit. The relationships between the on-state
voltage drop V), the collector current /c, the gate driver
voltage V. and the junction temperature 7 are analyzed in
principle and simulated in MATLAB. More importantly, the
temperature monitoring method is verified under both offline
and online conditions.

2 Sensitivity analysis of on-state voltage
under a high current

In [34] and [35], a compact model that can be used to simu-
late the on-state characteristic of an IGBT consists of a PiN
rectifier connected in series with a MOSFET operating in
its linear region as shown in Fig. 3. The PiN rectifier part
of the IGBT model can be simplified as a one-dimensional
structure thanks to the uniform distribution of the current
flowing through the N-region.

TSEPs Sensitive Linearity
Short-circuit current 0.166/C Good

I Linearity
Saturation current 0.432/C Exponential
I sat

On-state voltage at low current 0.377/°C Good
Veewo Linearity
On-state voltage at high current 0.136/C Good
Veeo) Linearity
Turn-off delay time 0.089/°C Good

by off Linearity
Complexity Possibility Reference
Additional pass-by IGBT Inadequacy [20]

Low current measurement equipment Inadequacy [21]
Voltage measurement equipment Inadequacy [22]
Voltage measurement equipment Adequacy [24]
Additional designed measurement circuit Adequacy [18]
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Fig.3 IGBT on-state model implementation

The IGBT on-state voltage consists of two parts: PiN
rectifier part voltage and MOSFET part voltage, as can be
seen in (2).

y ~ 2k_T " JoWy PLcudc
ce(on) 4qDaniF(WN/2La) lunicox VG - VTH
2
Flo) = xtanh x o=V /2KT

V1 =0.25 tanh*(x) ®)

where k is the Boltzmann constant, T is the junction temper-
ature, g is the unit charge, J is the collector current density,
Wy 1s drift region width of the IGBT, D, is the ambipolar
diffusivity, n; is the intrinsic carriers concentration, L, is the
ambipolar diffusivity length, p is the cell pitch, Ly is the
channel length, u,; is the channel mobility, C,, is the oxide
capacitance, and V and V- are gate voltage and threshold
voltage, respectively.

When the on-state collector current density is low, the
first term in the above equation becomes dominant. In this
regime of operation, the collector current increases expo-
nentially with an increasing on-state voltage. When the col-
lector current density is larger, the second term becomes
significant, which adds a resistance in series with the PiN
rectifier voltage drop [36]. Therefore, the knee voltage can
be observed in output characteristics curves as depicted in
Fig. 4.

Due to different manufacturing processes, it is extremely
difficult to obtain accuracy values of the semiconductor
parameters of an IGBT chip, such as the cell pitch p and
the channel length Lqy. To analyze the sensitivity of the
proposed TSEP, these unmeasurable parameters are listed
hypothetically in Table 2.

For a certain IGBT chip, the cell pitch, channel length and
oxide capacitance are constants, and the channel mobility
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Vcee (V)

Fig.4 Typical IGBT output characteristics with different junction
temperatures

and threshold voltage are temperature relative parameters
and can be described in (4) and (5), respectively.

300\ >%
Pyt = 1360(7) @)
Viu = Vo — Ke(T = T)) (®)]

The value of the threshold voltage Vi decreases with an
increase of the junction temperature due to changes of intrin-
sic carrier concentration. To extract Ky and Vg, the Viy
of a Starpower GD400FFT65P3H IGBT module is meas-
ured offline under different junction temperatures from 50
to 125 °C. The results are illustrated in Fig. 5. The threshold
voltage at room temperature and the slope of this linear fit-
ting equation are 6.4 V and — 0.0242 V/C, respectively.

With all of the above parameters and equations, the on-
state voltage under a high current V) is calculated under
different junction temperatures T and collector current densi-
ties J as shown in Fig. 6.

As illustrated in Fig. 6, the IGBT on-state voltage has a
positive linear correlation with junction temperature under

Table 2 Simulation parameters

Parameters Expression Unit
Cell pitch p 7 pm
Channel length Ly 1.5 pm
Channel mobility p,; 3) cm/s
Oxide capacitance C,, 20 uF
Gate driver voltage V 15 \%
Threshold voltage Vo, @ v
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Fig.5 Threshold voltage under different junction temperatures
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Fig.6 On-state voltage under different junction temperatures and col-
lector current densities

certain gate driver conditions and collector current densi-
ties. It should be noticed that sensitivity increases with the
collector current density, which shows great potential in
power electronics device junction temperature monitoring
applications.

With the converter operating, both the power module
and driver circuit are heated. Since the parasitic param-
eters in gate loop and components on driver circuit vary
with junction temperature, the gate voltage experiences a
tiny change after long operating time. Supposing the vari-
ation range of the gate voltage is+0.1 V, the on-state volt-
age under different junction temperatures can be seen in
Fig. 7. The maximum voltage deviation is around 12 mV
which leads to a measurement error of less than than 5°C.
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Fig. 7 On-state voltage under different junction temperatures and gate
voltages

3 Formatting Vce measurement method
implementation

To monitor the junction temperature based on V,, meas-
urements, a simultaneously on-state voltage extraction
circuit with a high measurement accuracy (Mv range), a
high blocking capability (kV range) and a fast dynamic
response (us range) are demanded. Unlike power device
current measurement solutions, it is extremely difficult to
obtain the on-state voltage directly using a conventional
oscilloscope due to the limits of its measurement resolu-
tion. As an example, the blocking voltage is set to 800 V
and a conventional 12-bit Tektronix MSO44 oscilloscope
[37] is employed as measurement equipment. Conse-
quently, the minimum significant measurement value cor-
responds to 800/2'? ~ 195 mV, which is nearly one tenth
of the on-state voltage of a typical IGBT. In this case, the
voltage waveform captured by the oscilloscope is difficult
to analyze, as shown in Fig. 8.

The three most commonly used on-state voltage meas-
urement circuits are depicted in Fig. 9 [38], Fig. 10 [39]
and Fig. 11 [40], respectively. The on-state voltage meas-
urement circuit illustrated in Fig. 9 uses the active MOS-
FET S1 to block DC link voltage during the DUT off-state.
When the DUT is under the conducting state, the output
of the measurement circuit can be calculated as (6). Due
to the extremely low on-state resistance, the measurement
value of output voltage V, | is almost equal to the on-state
voltage of the DUT.

V. = Rlvce
0,1 — R] +RS1 (6)
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Fig.8 Noise in the direct voltage measurement method
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Fig.9 On-state voltage measurement circuit based on an active
MOSEFET clamp
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Fig. 10 On-state voltage measurement circuit based on a diode clamp

Regarding the transition between the on and off states,
an active control strategy is adopted and applied to clamp
MOSEFET S1, which increases the complexity of this meas-
urement circuit. More importantly, the clamp MOSFET
should be selected as a power MOSFET and a complex gate
driver circuit must be integrated into the on-state voltage
measurement circuit.

As shown in Fig. 10, a high-voltage diode D1 is chosen as
the clamp component. During the DUT off-state, the clamp
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Fig. 11 On-state voltage measurement circuit based on an R-D clamp

diode D1 blocks the DC link voltage and protects the meas-
urement circuit. When the DUT is conducting, the measure-
ment value is shown as (7).

Vor = Veet Vi (7)

where Vp, is the on-state voltage of the clamp diode, which
is relevant to the diode junction temperature and the for-
ward bias current generate by V;. When compared to a clamp
MOSPFET, this clamp circuit is more compact. However, the
output value involves a temperature dependent variable Vpy;
that makes it difficult to extract the real on-state voltage of
the DUT.

Another approach to blocking DC link voltage is the use
of an R-D clamp circuit, as depicted in Fig. 11. A high-volt-
age resistor accompanied by a zener diode ZD is employed
to clamp the voltage during the DUT off-state, and D2 is
used to prevent discharge of the Zener diode junction capaci-
tance. However, this measurement circuit cannot be used
under high frequency conditions due to the frequency limita-
tion of the zener diode ZD.

In [41], S. Beczkowski presented an IGBT on-state volt-
age measurement circuit (OVMC). However, it cannot work
well especially during IGBT switching transients. Firstly, the
bias current Iy;, is generated by a voltage regulator. During
the IGBT off-state, the DC voltage is blocked by D, and D,
equally. Hence, the input voltage of the amplifier exceeds its
power supply voltage which destroys the amplifier. Second,
during the IGBT off-state, the output of the voltage regulator
induces invalid measurement data, which reduces the resolu-
tion of the measurement circuit.

To measure the on-state voltage of IGBT modules simul-
taneously and accurately, a clamp diode-based voltage meas-
urement circuit is proposed as shown in Fig. 12 and Fig. 13.

D,, D, and D; are fast recovery diodes
(MA4P7470F-1072 T) with an 800 V blocking voltage. D,
and D, are used to block the DC link voltage. To elimi-
nate the measurement error, D, (which is the same as D))
is set in series with D; and the output of amplifier OPA320
can be described as (8). The anti-parallel diode Dj is set to
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Fig. 13 Prototype of the proposed circuit

Fig. 14 Circuit for validating the accuracy of the proposed circuit

eliminate the reverse voltage of D, to protect the amplifier. A
3-Terminal adjustable voltage regulator LM317 is chosen to
generate the bias current for D and D,. A signal MOSFET
CSD16413Q5A is adopt to filter invalid measurement data
during the DUT off-state and to provide a discharge loop
for I;,s.

Vo = Vce = 2Va - Vb' (8)

To validate the accuracy of the proposed on-state voltage
measurement circuit, a single-pulse test platform was built as
shown in Fig. 14. DUT S1 is in the conducting state, while
S2 is driven by a single pulse. During the off-state of S2, the
DC link voltage is blocked only by S2, and the voltage across
S1 is almost 0. Hence, the on-state voltage of the DUT can

2000 T r T T :
—8— Direct measurement
19001 —&— Proposed method

. (mV)

ce

\Y%

100 150 200 250 300 350 400
Collector Current (A)

Fig. 15 Comparison of direct measurement and the proposed circuit
measurement results
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Fig. 16 Response time of the proposed measurement circuit

be directly detected by an oscilloscope and the results are
depicted in Fig. 15.

Apart from measurement accuracy, another indicator that
needs to be concentrated on is the response time of the meas-
urement circuit. As shown in Fig. 16, due to a rise of the gate
voltage, the IGBT module is operated from its linear region
to its saturation region. Consequently, there exists a voltage
overshoot at the beginning of the measurement circuit opera-
tion, and it can be restrained by increasing the value of the
driver resistance of S7. The results are illustrated in Fig. 17.

The response time can be defined as the delay time
between the effective input and output of the measurement
circuit. At the moment ¢,, the gate voltage rises to its positive
steady-state value. Because the voltage overshoot occurred
in the turn-on transient, the on-state voltage measured by the
proposed method is not stable until #,. Hence, the response
time can be described as the time interval between ¢; and
t,. When compared to the switching period under PWM
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Fig. 17 Voltage overshoot with different driver resistances of S;

modulation, the on-state voltage measurement circuit has a
fast response speed.

4 Offline verification using V_, under a low
current density

Thanks to good linearity and temperature sensitivity, the
on-state voltage under a low collector current density V. ¢,
is recommended for an IGBT module thermal impedance
test by the Electronic Industries Association (EIA) and Joint
Electron Device Engineering Council (JEDEC). To verify
the accuracy of the presented method, the junction tempera-
tures monitored by measuring the on-state voltage under a
low current density V. ¢, and a high current density Vo)
are compared and analyzed.

4.1 Calibration implementation

Before using a TSEP, it is necessary to make a preliminary
calibration to find the relationship between the TSEP and
the junction temperature. The on-state voltage under a low
current density V. ¢, is related to the gate voltage, collector
current and junction temperature. For a GD400FFT65P3H
IGBT module, the V ., values with different junction
temperatures are illustrated as Fig. 18. The gate volt-
age and injection collector current are 15 V and 145 mA,
respectively.

Similarly, the on-state voltage under a high current den-
sity Ve is a function of the gate voltage, collector current
and junction temperature. The calibration circuit for V)
is shown as Fig. 19. To avoid the measurement error caused
by the chip self-heating effect, a single pulse generated by a
pulse generator based on a Schmitt trigger and a 555 Timer
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within 10 ps is used to drive the DUT. The V¢, with
different collector currents are shown in Fig. 20. The gate
voltage is chosen as 15 V, which is the same as the value
used in the V. ¢ calibration experiment.

4.2 Experimental verification

To verify the measurement accuracy of the presented
method, the junction temperature monitoring results using
Veeaucy and V. ) are compared, and the test circuit is
illustrated in Fig. 21. First, a constant heating current Iy is
applied to the DUT to heat up the device until the thermal
steady state is reached. Since the DUT is in contact with the
heat sink, the heating time can be selected at around 100 s
in most cases.

When the thermal steady state is reached, a 145 mA
measurement current /,; is injected into the device while the
heating current /4 is cut off. By a comparison of the junction
temperature extraction results under high and low collector
current densities, the accuracy of the proposed method can
be validated. When compared to the heating current, the
value of the measurement current is small and the power
losses caused by this current can be neglected. The higher
the power step between the heating and measurement pro-
cesses, the higher the signal to noise ratio of the measure-
ment and the more accurately the junction temperature can
be monitored.

L
UsiA
Vu
0 )t
Us: A
Vi
0 t) }t
U Electrical
“A Veeey  Disturbances
H Veewo)
0 ) >

Fig. 21 Verification circuit and control sequence implementation

More importantly, electrical disturbances occur at the
moment the heating current is cut off, which renders the
signal insignificant for the beginning time. To eliminate
the effect caused by electrical disturbances, an offset cor-
rection process is required.

For a homogeneous semi-infinite plate, when the heat-
ing power density of the material surface is a constant,
the temperature rise of the plate is a linear function with
the square root of the heating time during the cutting off
transient as shown in (9) and (10).

P
AT(t) = XHklherm\/; (9)

2
herm ,_ﬂ'cp 7 (10)

where c, p and A are the thermal capacity, density and ther-
mal conductivity of the material, respectively. In addition,
kinerm 18 @ constant for a certain material. Hence, for a given
heating power density, electrical disturbances can be elimi-
nated by reversely extending the temperature rise curve to
the cut off moment under the coordinate of the square root
time, as depicted in Fig. 22. The on-state voltage under high
and low collector currents is measured and the offline junc-
tion temperature monitoring results after offset correction
are listed in Table 3.

kt

T,
120"/
110 Electrical Disturbances |
100
pe=

801
701
601
50F
401
301
201
101

T.(°C)

0 0.2 0.4 0.6 0.8 1
Sqrt(Time) (s)

Fig. 22 Offset correction process implementation
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Table 3 Experimental Results

Ic Veemic) Z:j(HC) Veewo) Toj(LC) Error
/A /mV /C /mV /C 1%
150 1070 50.56 487 48.45 44
200 1351 61.33 457 58.06 5.6
250 1497 73.33 421 68.93 6.4
300 1652 85.35 378 86.30 1.1
350 1833 102.77 334 104.26 14

On-state voltage
measurement circuit

Three phase water
cooling R-L Load

SVPWM Modulation
Strategy

GD400FFT65P3H
IGBT Module

Fig. 23 Circuit schematic for temperature measurements in a three-
phase converter

Ic 100A/Div

._,mmmu'fk.f.'.'_'_',',mmmum 7

0 24 28 2 6

Tlme (ms)

Fig. 24 Waveforms of a three-phase converter with SVPWM modula-
tion

5 Online temperature monitoring
during converter operation
In this section, the

proposed junction
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Fig.25 IGBT junction temperature monitoring results with a 200A
collector current

I 100A/Div

T T T T T T T

Vg 5V/Div

T T T T T T

V _500mV/Div
ce

[
I =250A V_=1534mV T.=103.7°C
C ce r]

23.6 238 240 242 244 246 248 250
Time (ms)

Fig.26 IGBT junction temperature monitoring results with a 250A
collector current

temperature monitoring method is applied to a three-
phase voltage source converter. The DUT is chosen as a
GD400FFT650P3H IGBT module from Starpower, and it
is modulated by the closed-loop space vector pulse width
modulation (SVPWM) strategy with a 5 kHz switching
frequency. A three-phase water cooling R-L load is used
as shown in Fig. 23.

Figure 24 shows experimental waveforms during the
junction temperature monitoring circuit operation. The
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Fig. 27 Junction temperature simulation results with a 200A collector
current

Fig. 28 Junction temperature simulation results with a 250A collector
current

voltage measurement circuit obtains the on-state voltage and
blocks the DC link voltage. The phase current is measured as
the DUT collector current /, during a transient in which the
phase current is positive. When the phase current is nega-
tive, the anti-parallel diode of the DUT is conducting and the
output of the on-state measurement circuit is 0.

To demonstrate the proposed IGBT junction temperature
monitoring method, the on-state voltage is measured under
200A and 250A with a 15.4 V gate voltage. The obtained
results are shown in Figs. 25 and 26, respectively.

The high-frequency noises in these waveforms are filtered
by a digital filter. Due to the mutual inductances in each of
the phases, there exists a tiny voltage overshoot in on-state
voltage circuit output during current conversion transients.
Hence, the sampling point is set in the middle of two cur-
rent conversions to avoid measurement errors. The on-state
voltage under 200A and 250A with a 15.4 V gate driver volt-
age indicates junction temperatures of 87.5 °C and 103.7 C
according to the calibration results.

To verify the junction temperature monitoring results,
simulations are implemented in the finite element analy-
sis (FEA) simulation tool. The geometry structure of the
proposed IGBT module is created by SolidWorks, and the
thermal simulations are generated by ANSYS Icepak. The
effective values of the chips heating power dissipations

are calculated by the integrating on-state voltage drop and
conducting current. For each of the IGBT chips, heating
power dissipations under 200A and 250A are 22.22 W
and 30.55 W, respectively. Similarly, the dissipations are
19.83 W and 26.66 W for each of the diode chips. The
obtained simulation results are illustrated in Figs. 27 and
28. The results under 200A (89.6703 C and 89.5045 C)
and 250A (112.794 °C and 112.928 “C) agree well with the
measurement results, which verifies the effectiveness of the
proposed method.

6 Conclusion

This paper proposes an online junction temperature moni-
toring method based on V¢, measurement for an IGBT
power module. By calculating the on-state voltage with dif-
ferent collector current densities, the method is shown to be
feasible. To accurately extract on-state voltage during opera-
tion, a measurement circuit that combines the advantages of
both active MOSFET clamps and diode clamps is designed
and tested with an acceptable measurement error and a few
microseconds response time. The present method is veri-
fied by the JEDEC-51 standard recommended approach and
applied to a three-phase voltage source converter controlled
by the closed-loop SVPWM modulation strategy. In addi-
tion, an Icepak-based thermal simulation is implemented
and the obtained results match well with the experimental
results. In addition, the IGBT degradation model will be
added to the calibration model for more accurate junction
temperature measurement in future research.
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