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Thermal Impedance for IGBT Module Through Heat

Flow Information
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Abstract—Frequency-domain modeling is a relatively new ap-
proach for thermal impedance description of power semiconduc-
tor devices, and it has shown promising advantages to analyze
the multitimescale thermal dynamics of power semiconductor de-
vices under complex mission profiles. However, parameters in the
frequency-domain thermal model are still difficult to be accurately
extracted, and sometimes the extraction process would be com-
plicated and ambiguous depending on the construction of power
devices and heat sink. This article proposes a new method to
identify these key parameters of the frequency-domain thermal
model for power semiconductors. The proposed approach utilizes
the information of heat flowing out of device and only requires
temperature responses of three different locations in the heat path
of insulated-gate bipolar transistor (IGBT) module under a step
power-loss. By the proposed approach, the critical frequencies
in the frequency-domain thermal model of IGBT module can be
extracted more easily and accurately. The effectiveness of the pro-
posed method is also validated by simulations and experiments.

Index Terms—Power electronics, power semiconductor device,
thermal network.

I. INTRODUCTION

POWER electronic devices, especially insulated-gate bipo-
lar transistor (IGBT) modules, have been widely used in

many important applications such as motor drives, renewable
energy generations, transportations, and power transmission.
In these applications, there are fast growing requirements for
the reliability of converter systems, and the reliability of power
electronic devices, including failure mechanisms [1]–[6], stress
analysis [7]–[12], lifetime prediction [13]–[18], condition mon-
itoring [19], [20], and thermal control [21], [22] is becoming
more important. It has been widely accepted that thermal stress
of power electronic devices is one of the major causes of failure
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[5]. Consequently, the correct estimation for the complex ther-
mal dynamics of power semiconductor devices under certain
mission profile is crucial for reliability design.

Foster type and Cauer type RC networks are most commonly
used models for thermal dynamics description of power semi-
conductors. However, both of the models have their limitations:
for Cauer model, normally it is hard to obtain accurate RC
parameters because Cauer type RC network is built based on
heat path through physical structure/materials of the device, and
the RC parameters have to be determined with the help of finite
element method (FEM) simulations and careful calibrations.
For Foster model, it has no physical meaning for each of the
RC parameter, which is determined by mathematical fitting of
measured temperatures between two physical points, so only
overall temperature behaviors between measured points can be
guaranteed. If extend the Foster model with the thermal network
outside device, such as the thermal grease and heat sink, Foster
model will cause unrealistic estimation of thermal behaviors
either inside or outside of the device [23].

In order to improve the prediction accuracy of thermal dy-
namics of power semiconductor devices, some efforts have been
proposed in the last decade. The thermal analysis of power
device is separated into multiple modeling levels (short term,
medium term, and long term) according to the timescales of
the interested thermal dynamics [13]. One of the problems of
this approach is that many complex models at different physics
domains are involved, and there is lack of connection among
models at different timescales. Besides, external cooling condi-
tions need to be carefully considered in certain timescales but
the thermal impedance models of device used in this approach
are unable to be connected with external thermal network of
heat sink, leading to unrealistic thermal dynamics in a wide
range of timescales. A 3-D lumped thermal model has been
proposed in [24]. This approach selects key points of each
layer in IGBT module and creates thermal impedance among
the selected points by taking into account thermal coupling and
thermal boundary conditions. This 3-D lumped thermal model
can estimate detailed and accurate temperatures of the power
module in different locations and layers. However, the extraction
process of the RC element values is complicated, and multiple
FEM simulations and calibrations are necessary in order to
obtain temperature responses of each layer inside the device.
This model is also difficult to be connected with external cooling
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Fig. 1. Frequency-domain thermal model for power semiconductor devices.

conditions because it is supposed that the cooling conditions
have to be ideal and fixed during extraction process.

Another approach to handle multitime scale thermal dynamics
of power device is based on frequency-domain modeling ap-
proach [23]. It has been discovered that the gain of heat flow from
Pin (injected power-loss/heat into device) to Pout (heat flowing
out of device) behaves as a low-pass filter (LPF) under frequency
domain. A new thermal impedance structure which adds an
LPF with an extra thermal path was proposed, as illustrated in
Fig. 1. The first thermal path is used for estimating junction
temperature inside the power device and is not connected with
external thermal networks outside of device. The second thermal
path with LPF, which provides correct heat flow behaviors, can
be connected with external cooling conditions, and the adding
thermal path is used to provide the case temperature for the first
path as temperature reference. This model is claimed to achieve
a more correct estimation of multitimescale thermal dynamics.
Moreover, the parameters of this model can be obtained by
observing temperature behaviors of device under certain testing
conditions without knowing its internal structure and materials,
avoiding potential error introduced by FEM simulation and its
boundary conditions. Some applications of this new model have
also emerged recently [25]–[29].

Nevertheless, the characterization of the parameters for LPF is
a key in the abovementioned frequency-domain thermal model.
They can be extracted from Foster-type thermal impedance be-
tween junction and case, as stated in [23]. However, the process
of this extraction method is complicated and ambiguous, and the
accuracy of results cannot be always guaranteed, as explained
in the following part of this article. If the parameters of LPF
in Fig. 1 are inaccurate, the estimation for case temperature
offered by the second thermal path will be different from reality,
leading to unrealistic estimation for junction temperature in the
first thermal path, so the extraction of LPF is crucial for this
thermal modeling method.

In this article, a new approach to model and characterize
the LPF of frequency-domain thermal model for power semi-
conductor device is proposed by utilizing the information of
heat flowing out of device and it only requires temperature
responses of three different locations in the heat path of IGBT
module under a step power-loss. The critical frequencies in

Fig. 2. Seven-layer Cauer thermal network based on Fig. 3 as reference of
study.

Fig. 3. Construction of an IGBT module as reference for study.

the frequency-domain thermal model of IGBT module can be
extracted more easily and accurately by using the proposed
approach. The effectiveness of the proposed method is also
validated by simulations and experiments.

II. CONVENTIONAL CHARACTERIZATION METHOD FOR

CRITICAL FREQUENCIES OF LPF IN FREQUENCY-DOMAIN

THERMAL IMPEDANCE MODEL

This part introduces the principle of frequency-domain model
and the existing method of parameter characterization. Also, the
problems of the existing method are analyzed in detail.

A seven-layer Cauer type thermal network for an IGBT mod-
ule from [23] is applied as benchmark for study, as illustrated in
Fig. 2. This Cauer model is extracted based on the heat path and
physical structure/material of a 1700 V/100 A IGBT module,
as shown in Fig. 3. Thermal parameters of single chip in this
IGBT module are listed in Table I. It can be assumed that the
network in Fig. 2 and parameters in Table I can correctly reflect
the dynamic thermal behaviors of IGBT module under the given
conditions [23].

A. Review on the Frequency-Domain Thermal Model

The frequency-domain thermal model is proposed based on
the discovery that the heat flow of IGBT behaves like an LPF
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TABLE I
THERMAL PARAMETERS FOR THE IGBT MODULE OF Fig. 3

Fig. 4. Transforming of the seven-layer Cauer network to three cascaded LPFs.

under frequency-domain and the detailed derivation is explained
as follows.

As stated in [23], the gains of heat flow from input (chip)
to each layer of device GPinP1

to GPinP7
in the reference

Cauer model of Fig. 2 are generally seen as a series of LPFs,
which can be classified into three dominant groups (GPinP1

to GPinP3
, GPinP4

to GPinP6
, and GPinP7

). The frequency be-
haviors of these heat gains in each group are very similar to
each other, so the reference seven-layer Cauer thermal model
can be degraded to three cascaded LPFs at first-order, where
Cjc123, Cjc456, Cjc7 represent the virtual thermal capacitances
for each dominant group of layers, and P123, P456, P7 represent
the virtual heat flowing out of each dominant group of layers, as
shown in Fig. 4.

Therefore, the transfer function for the heat or power loss
from input to output of Fig. 2 GPinPout

(s) can be estimated as
the heat gain GLPF (s) of Fig. 4

GPinPout
(s) ≈ GLPF(s)

=
2πfcr1

s+ 2πfcr1
· 2πfcr2
s+ 2πfcr2

· 2πfcr3
s+ 2πfcr3

(1)

where fcr1, fcr2, fcr3 are the critical frequencies of each layer
in Fig. 4. As a result, a frequency-domain thermal model has
been thereby proposed according to this discovery, as illustrated
in Fig. 1. Compared with Foster thermal network, it only adds
another thermal path to describe the heat flow behavior. This
thermal path with an LPF is directly connected with external
cooling conditions and provides the first thermal path with case
temperature.

B. Problems of Existing Characterization Method for the
Critical Frequencies Through ZPinTjc

The accuracy of parameters should be ensured before apply-
ing frequency-domain model in practice. The existing method of
parameter extraction is based on the transfer function of thermal
impedance between junction and case ZPinTjc

(s) because it

discovers that ZPinTjc
is closely related to LPF in the second

thermal path.
The thermal impedance between junction and case ZPinTjc

(s)
of Fig. 4 can be represented as

ZPinTjc
(s) = ZPinTj4

(s) + ZPinT47
(s) + ZPinT7c

(s)

=
P123(s)

Pin(s)
· Tj(s)− T4(s)

P123(s)
+

P456(s)

Pin(s)

· T4(s)− T7(s)

P456(s)
+

P7(s)

Pin(s)
· T7(s)− Tc(s)

P7(s)

= GPinP123
(s) ·

3∑
i=1

Rjci +GPinP456
(s)

·
6∑

i=4

Rjci +GPinP7
(s) ·R7. (2)

As the accuracy of thermal prediction is mainly dependent on
low-frequency band, which will be explained in the following
part in detail, (2) can be simplified as (3) by ignoring some of
the high-frequency band behaviors in the GPinP456

and GPinP7

ZPinTjc
(s) ≈ GPinP123

(s) ·
3∑

i=1

Rjci +GP123P456
(s)

·
6∑

i=4

Rjci +GP456P7
(s) ·R7

=

∑3
i=1 Rjci

1 + s · 1
2πfcr1

+

∑6
i=4 Rjci

1 + s · 1
2πfcr2

+
R7

1 + s · 1
2πfcr3

.

(3)

It can be seen that (3) is equivalent to the form of a three-
layer Foster thermal network under frequency domain, and the
critical frequencies fcr1 to fcr3 in the Foster model are the same
as the three cascaded LPFs. Therefore, the thermal impedance
ZPinTjc

contains all the information of the critical frequencies in
the LPFs, so it is possible to extract these frequencies through
ZPinTjc

. The process of extraction in [23] is generally reviewed
and stated as follows.

The first step is to fit ZPinTjc
(t) in the time domain by a multi-

layers Foster model, which can be transferred into frequency
domain form as ZPinTjc

(s). Then, by applying a deviating
operator F(x) to the ZPinTjc

(s), the slope deviation on the
amplitude of ZPinTjc

(s) can be identified

F (x) =
d2

dx2
20× log10(|ZPinTjc

(x)|) (4)

where ZPinTjc
(s) is converted to the function of f as ZPinTjc

(f)
by replacing s with 2πf·j, and then ZPinTjc

(f) is converted into
the function of x as ZPinTjc

(x) by replacing f with 10x.
As is shown in Fig. 5, there are three minimum turning points

in F(x) and the critical frequencies can be solved by setting zero
to the derivative of F(x). In this case, three frequencies can be
solved out with ascending order: f1 = 0.297, f2 = 1.422, and
f3 = 74.129 Hz, which are closely related to critical frequencies
in the heat-gains but are still slightly different. The main reason
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Fig. 5. Slope deviation on the amplitude of ZPinTjc
(s) and identified critical

frequencies.

is that the critical frequencies in the heat-gains are the three
representative frequencies in the three dominant groups (GPinP1

to GPinP3
, GPinP4

to GPinP6
, and GPinP7

). It can been seen
from (3) that simplifications are required in order to build a
relationship between ZPinTjc

(s) and GLPF (s). Therefore, the
frequencies f1–f3 transferred from the turning points in the plot
of F(x) cannot be seen as the critical frequencies in LPF. As stated
in [23], one of the solutions is to refit ZPinTjc

(t) in time domain
with new boundary conditions based on f1–f3 and then three new
frequencies of fcr1 = 0.38, fcr2 = 1.36, and fcr3 = 70.36 Hz
can be resolved. fcr1–fcr3 have been validated in [23] and will
be seen as reference frequencies in this article.

However, there are several problems during the process of
extracting critical frequencies from ZPinTjc

. For example, the
initial fitting of time-domain thermal impedance ZPinTjc

(t) by
a multilayered Foster model is necessary because frequency-
domain form of ZPinTjc

(s) is obtained by Laplace transform
from Foster type ZPinTjc

(t). Therefore, ZPinTjc
(s) is slightly

different from original thermal impedance ZPinTjc
and the criti-

cal frequencies extracted fromZPinTjc
(s) are also different from

reality, leading to requirement of refitting time-domain thermal
impedance in multiple times.

Another problem is that if one of the turning points is insignifi-
cant, the fitting process would be more complicated. An example
has been plotted in Fig. 6, it can be seen that the frequency f1
is hard to identify because the derivative is not equal to zero at
this point. This problem is mentioned in [23] and one possible
solution is given that the influence of other frequencies should
be removed first before identifying the insignificant points.

Moreover, it is difficult to set the boundary conditions of fitting
algorithm for ZPinTjc

(t) because the accuracy of each frequency
identified from F(x) is unknown. As mentioned above, three
initially identified frequencies are f1 = 0.297, f2 = 1.422, and
f3 = 74.129 Hz, the errors compared with the reference ones at
fcr1 = 0.38, fcr2 = 1.36, and fcr3 = 70.36Hz are −21.84%,
4.56%, and 5.36%, respectively. The large error of the lowest

Fig. 6. Slope deviation on the amplitude of ZPinTjc
(s) with insignificant

critical frequencies.

frequency f1 brings difficulty to delimit the boundary conditions
for fitting ZPinTjc

(t). As a matter of fact, the dynamic perfor-
mance of thermal behavior is highly related to the accuracy of
lowest frequency f1, as shown in Fig. 7, compared with reference
seven-layer Cauer thermal network, the case temperatures are
predicted in three conditions where different critical frequencies
have the same error of 30% are applied. First, the condition that
fx is 30% larger than fcrx is considered and the corresponding
frequencies are as follows:

1) f1 = 0.494, f2 = 1.36, and f3 = 70.36 Hz;
2) f1 = 0.38, f2 = 1.768, and f3 = 70.36 Hz;
3) f1 = 0.38, f2 = 1.36 and f3 = 91.468 Hz.
Then, the condition that fx is 30% smaller than fcrx is consid-

ered and the corresponding frequencies are as follows:
1) f1 = 0.266, f2 = 1.36, and f3 = 70.36 Hz;
2) f1 = 0.38, f2 = 0.952, and f3 = 70.36 Hz;
3) f1 = 0.38, f2 = 1.36, and f3 = 49.25 Hz.
It can be concluded from Fig. 7 that unrealistic estimation for

thermal behaviors will be experienced if the lowest frequency
f1 is inaccurately extracted. Thus, the accuracy of the lowest
frequency in the GLPF should be ensured. However, it is dif-
ficult to ensure the accuracy of f1 in the existing method of
extracting frequencies through ZPinTjc

because each frequency
during curve fitting is given equal weight in the expression of
the Foster network, as can be seen in (3).

III. CRITICAL FREQUENCIES EXTRACTION BY UTILIZING

HEAT FLOW INFORMATION

A. Modeling and Analysis of the Critical Frequencies
Information Contained in Heat Flow

Due to the complexity of extracting critical frequencies from
ZPinTjc

, other transfer functions related to the critical frequen-
cies can be considered. As mentioned in Section II, GPinPout

(transfer function of gain from input power-loss Pin to heat
flowing out of device Pout) can be seen as three cascaded LPFs,
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Fig. 7. Comparison of estimated case temperatures with 30% error of different
critical frequencies. (a) fx is 30% larger than fcrx. (b) fx is 30% smaller than
fcrx.

so GPinPout
is another potential transfer function to identify the

critical frequencies in the LPF of second heat path in Fig. 1.
Compared withZPinTjc

,GPinPout
has more advantages since it is

purely composed of critical frequencies as represented in (1) and
ZPinTjc

is not only related to critical frequencies but also related
to the thermal resistances as represented in (3), adding uncertain-
ties during the process of parameter extraction. Consequently,
it is more promising to extract the critical frequencies through
GPinPout

for LPF in the frequency-domain thermal model.
As for the input of GPinPout

, Pin is the heat source/power
loss generated on the chip and is defined as a step signal in the
time domain, the frequency domain expression of Pin can be
represented as

Pin(s) =
Pin

s
(5)

where s is the Laplace operator and Pin is a constant.
As mentioned above, the reference seven-layer Cauer thermal

model can be simplified as three cascaded LPFs at first-order
according to the behaviors of heat gains. By combining (1) and
(5), Pout (s) can be calculated as

Pout(s) = Pin(s) ·GPinPout
(s)

=
Pin

s
· 2πfcr1
s+ 2πfcr1

· 2πfcr2
s+ 2πfcr2

· 2πfcr3
s+ 2πfcr3

=
Pin

s
− fcr2fcr3

(fcr2 − fcr1) (fcr3 − fcr1)
· Pin

s+ 2πfcr1

− fcr1fcr3
(fcr1 − fcr2) (fcr3 − fcr2)

· Pin

s+ 2πfcr2

− fcr1fcr2
(fcr1 − fcr3) (fcr2 − fcr3)

· Pin

s+ 2πfcr3
. (6)

By applying inverse Laplace transform to (6), Pout (t) under
time domain can be represented as

Pout(t) = Pin

[
ε(t)− fcr2fcr3

(fcr2 − fcr1) (fcr3 − fcr1)
· e−2πfcr1t

− fcr1fcr3
(fcr1 − fcr2) (fcr3 − fcr2)

· e−2πfcr2t

− fcr1fcr2
(fcr1 − fcr3) (fcr2 − fcr3)

· e−2πfcr3t

]
(7)

where ε(t) is a step function in time domain.
It is noted that, the number of critical frequencies identified

can be different depending on the selected power modules, set n
as the number of critical frequencies, Pout (s) can be represented
in a more general form as

Pout(s)

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Pin

s
− Pin

s+ 2πfcrn
, n = 1

Pin

s
−

n∑
i=1

[ ∏n
j �=i fcrj∏n

j �=i (fcrj − fcri)
· Pin

s+ 2πfcri

]
, n �= 1

(8)

and Pout (t) can be represented as

Pout(t)

=

⎧⎪⎪⎨
⎪⎪⎩
Pin

[
ε(t)− e−2πfcrnt

]
, n = 1

Pin

{
ε(t)−

n∑
i=1

[ ∏n
j �=i fcrj∏n

j �=i (fcrj − fcri)
· e−2πfcrit

]}
, n �= 1

(9)

where ε(t) is a step function in time domain.
The number of critical frequencies for an arbitrary power

device can be determined by counting the turning points of the
plot of F(x), as shown in Fig. 5. Under most circumstances,
the number of critical frequencies is 3 but it can be reduced to
2 limited by the bandwidth of measurement. In this case, the
accuracy of higher frequency among the two remaining critical
frequencies will be influenced. Fortunately, the error of high-
frequency band in LPF seems less important than low-frequency
band, as shown in Fig. 7.
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Fig. 8. Simulated and fitted heat flow out of IGBT module.

B. Proposed Extraction Process for the Critical Frequencies
and Simulated Validation

A new extraction method is thereby proposed and the basic
idea is to extract critical frequencies of LPF by mathematical fit-
ting from Pout (t) curve. This idea will be verified by simulation
first as stated as follows.

The reference seven-layer Cauer thermal network of Fig. 2 is
built in PLECS simulation with a step power-loss Pin of 100 W at
the time of 0 s. Then, record the simulated curve Pout (t) by using
the built-in “Heat Flow Meter” inserted in the thermal path and
the recorded data should be imported into MATLAB for curve
fitting. The “curve fitting tool” of MATLAB is used in this article
during the curve fitting and some processes are necessary before
fitting the Pout (t). First, the recorded data should be plotted in
the double logarithm coordinate to demonstrate the information
of the whole frequency band and then the customized fitting
function (7) should also be changed into the respective form.
Second, as mentioned in Section II, it is important to ensure the
accuracy of low-frequency band behaviors (0.1–1 Hz in most
cases) in LPF during parameter extraction, data before 0.01 s
can be excluded during the fitting of Pout (t) and it turns out
that it greatly improves the accuracy of low frequencies by
excluding some high-frequency behaviors. Finally, the trust-
region algorithm is applied to fit the simulated Pout (t) curve
and three fitted frequencies for Pout (t) are identified as f1 =
0.3802, f2 = 1.363, and f3 = 31.44 Hz. The fitted curve is
shown in Fig. 8. Take the validated critical frequencies of given
IGBT module fcr1 = 0.38, fcr2 = 1.36, and fcr3 = 70.36Hz
from [23] as reference, the errors of f1, f2, f3 are 0.05%, 0.22%,
and −55.32%, respectively, as shown in Table II.

The major cause of large error in f3 is that the three cascaded
first-order LPFs is a simplified representation for the heat gains,
where some high-frequency band behaviors are ignored, leading
to the difficulty to ensure the accuracy of identifying highest
frequency f3. Nevertheless, the accuracy of highest frequency
f3 is not as important as the accuracy of others, as shown in
Fig. 7. Moreover, the influence of fcr3/f3-related term is minor

TABLE II
COMPARISON OF FREQUENCIES

fcr1–3 - reference critical frequencies.
f1–3 - extracted critical frequencies after fitting Pout (t).
f1–3’ - extracted critical frequencies after fitting ZPinTjc

(t).

in shaping the Pout curve by using (7), which means the weight or
priority of the term related to f3 in the curve fitting is much lower
than others. Thus, the goodness of fitting is mainly determined
by the accuracy of low frequencies, as can be verified in Fig. 8,
which has a good agreement with the reference Cauer model
after 0.1 s.

As a conclusion, the advantage of the proposed method is
that it guarantees the accuracy of low-frequency band, but it
is hard to ensure the accuracy of highest critical frequency only
with the information of Pout, especially when the highest critical
frequency is much higher than the others. In the study case, the
reference highest frequency fcr3 = 70.36 Hz is nearly 52 times
of the lower frequency fcr2 = 1.36 Hz.

As mentioned in Section II, ZPinTjc
also contains all the

information of critical frequencies, and different from GPinPout
,

the accuracy of the highest critical frequency fcr3 in ZPinTjc
can

be well assured. Therefore, in order to ensure the accuracy of all
the identified critical frequencies, it makes sense to utilize both
the information of GPinPout

and ZPinTjc
. One solution is to fit

ZPinTjc
(t) with a Foster network, by setting the boundary condi-

tions of fitting algorithm with the ranges of f1–f3 generated from
Pout fitting. According to the definition of thermal impedance
[30]–[32], ZPinTjc

(t) is calculated by

ZPinTjc
(t) =

Tj(t)− Tc(t)

Pin
. (10)

The errors of f1–f3 generated by fitting Pout curve are 0.05%,
0.22%, and −55.32%, respectively, so the fitting range for
ZPinTjc

(t) curve can be set as ±0.2%, ±1%, and ±200% around
of f1–f3 (corresponding to three frequency bands of 0.3794 to
0.3810 Hz, 1.3464 to 1.3736 Hz, and 1.3736 to 93.66 Hz). Under
the given fitting conditions, the fitted thermal impedance curve
is plotted in Fig. 9. The new critical frequencies obtained by
using this proposed method are f1’ = 0.3802, f2’ = 1.363, and
f3’ = 70.57 Hz and it turns out that the accuracy of identified
highest frequency has been greatly improved. As compared in
Table II, the error of each identified frequency is less than 0.5%.

By using the extracted parameters, the estimated thermal
dynamics under the given step power loss including junction
temperature and heat flow are shown in Fig. 10, which have a
good agreement with the reference Cauer model. The procedure
of the proposed method to extract parameters of the frequency-
domain model is demonstrated as a flow chart in Fig. 11.

The temperature responses of junction (Tj), case (Tc),
heatsink (Th) as well as the input step power loss (Pin) are



1336 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

Fig. 9. Simulated and fitted thermal impedance of IGBT module.

Fig. 10. Comparison of thermal dynamics under a step power loss of 100 W.

recorded, in order to calculate the heat flow Pout (t) and thermal
impedance ZPinTjc

(t) curve.

Step 1: The first step is to determine the number of frequency
n in LPF. The thermal impedance in time-domain ZPinTjc

(t)
should be transferred into frequency-domain ZPinTjc

(s) and
a deviating operator F(x) is applied to ZPinTjc

(s). In the plot
of F(x), the number of turning points n represents there are n
critical frequencies in LPF.

Step 2: Equation (9) is used to fit Pout (t) curve and n critical
frequencies can be initially identified.

Step 3: In order to improve the accuracy of high-frequency band,
fit ZPinTjc

(t) curve with an n-layer Foster network, by setting

Fig. 11. Flowchart to extract key parameters of the frequency-domain model.

fitting ranges/boundaries of frequencies based on the initially
identified frequencies from step 2, respectively.

Step 4: Solve out all the parameters in the frequency-domain
model, including a Foster network and an LPF.

It is also worth mentioning that the number of critical fre-
quencies is 3 under most circumstances. Therefore, the steps of
determining the number of critical frequencies in step 1 can be
omitted, in which case all of the parameters in the frequency
domain thermal model are extracted by using time-domain
recorded curves, thus complicated transformation between time
domain and frequency domain can be avoided. Furthermore,
Pout (t) can be estimated by using temperature responses of case
Tc (t) and heatsink Th (t) in most cases, which will be explained
in Section IV. But heatsink Th (t) is unnecessary if there are
measuring instruments to directly measure heat flow.
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Fig. 12. Experimental setup and sensor locations. (a) Sensor for junction
measurement. (b) Sensors for case and heat sink measurement.

IV. EXPERIMENTAL VALIDATION

A. Experimental Setup and Measurements Implementations

A 650 V/75 A IGBT power module is used to validate the
proposed method in this article. Three optical fiber tempera-
ture sensors are set to junction, case and heatsink for thermal
measurement, as shown in Fig. 12. The measuring point for the
junction node is in the center of an IGBT chip, and the measuring
points for the case node and the heat sink node are set very close
to each other because it is difficult to measure heat flow directly.
In this article, (11) is used to estimate the Pout (heat flowing
out of IGBT module). The small distance between case and
heat sink measuring points has to be assured in order to avoid
thermal capacitance measured in the thermal grease layer, which
is considered as pure thermal resistance Rch in most cases

Pout(t) =
Tc(t)− Th(t)

Rch
. (11)

As can be seen from (11), Rch is a constant and the dynamics
of Pout should not be affected by the errors of Rch, and only
the temperature measurements of case and heatsink are needed.
All of the sensors are ensured to be allied in the same heat
path of one IGBT chip, which are widely adopted by device
manufacturers and they are consistent with the standards for
thermal characterizations of power semiconductors, such as
MIL-STD-883G [33], JESD51-4A [34] standards. The sensors
applied in the setup have a measurement range of −40 °C to
+250 °C with an accuracy of ±0.3 to 0.8 °C, the response time
is limited to 5 ms.

Fig. 13. Experimental temperature responses of three locations under a step
power-loss of 33.4 W into an IGBT module.

B. Experimental Results Using Proposed Method

According to the flow chart of extracting parameters in Fig. 11,
the first step is to record three temperature responses of device
under a step power loss. The temperature curves of junction,
case and heat sink are measured during turn-OFF process with
constant current of 25.3 A and conduction voltage of 1.32 V,
which is equivalent to a step power-loss of 33.4 W applied to
the thermal networks of the power module, as shown in Fig. 13.
The reason for measuring during turn-OFF process is that the
conduction voltage of device is not constant during turn-ON

process, so the injected power-loss cannot be seen as a step
signal.

After acquiring the temperature responses of junction, case
and heatsink, thermal impedance ZPinTjc

(t), and heat flow
Pout (t) can be calculated by (10) and (11), respectively. The
number of critical frequencies for this power module is 3, which
is determined by identifying the number of turning points in
the plot of F(x). According to the flow shown in Fig. 11, the
next step is to fit Pout (t) curve. By fitting Pout (t) curve using
customized function (7) in MATLAB, three frequencies f1 =
0.1379, f2 = 1.428, and f3 = 4.556 Hz can be identified. It is
noticed that data of Pout (t) before 0.1 s should be ignored when
curve fitting due to the accuracy limitation of sensors, as shown
in Fig. 14(a). Therefore, the fitted result of highest frequency f3 is
also inaccurate because 0.1 s corresponds to a cut-off frequency
around 1.5 Hz. One solution to this problem is to improve the
level of input power-loss Pin, leading to the improvement of
the steady-state value of Pout (t) without changing its dynamic
performance.

The next step of extraction is to fit ZPinTjc
(t) curve and the

fitting range of frequencies is set the same as Section II, that
is, ±0.2%, ±1%, and ±200%. As the response time of sensors
is limited to 5 ms, corresponding to a cut-off frequency around
30 Hz, data of ZPinTjc

(t) curve before 0.01 s in Fig. 14(b) are
ignored when curve fitting and the fitted curve has a good agree-
ment with experiment result after 0.02 s. The final identified
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Fig. 14. Critical experimental curves and respective fitted curves. (a) Heat
flow. (b) Thermal impedance of junction to case.

Fig. 15. Frequency-domain thermal model with parameters identified by
proposed method.

critical frequencies of LPF are f1′ = 0.138, f2′ = 1.414, and
f3′ = 6.224 Hz and the identified three-layer Foster thermal
network is shown in Fig. 15. The ambient temperature Ta is
set as constant 28 °C and a multilayer thermal impedance is
used to offer accurate heatsink temperature.

The experimental and estimated thermal dynamics using the
thermal model of Fig. 15 are shown in Fig. 16. As it can be seen,
both estimated junction temperature and case temperature have

Fig. 16. Comparison of estimated temperatures of device under a step power-
loss of 33.4 W into an IGBT module.

a good agreement with experimental results after 0.05 s and
the difference in junction temperature before 0.05 s is mainly
caused by response time of sensors. In addition, another experi-
ment under a step power-loss of 23.5 W has been conducted.
The estimated and experimental temperatures are plotted in
Fig. 17, which also shows that the temperature estimation agree
with experimental results. It can be concluded that the proposed
method is validated under different dissipated powers.

C. Problems Caused by the Limitation of Measurement

The limitation of the measurement is a key issue during exper-
imental process because it determines the accuracy of extracted
parameters. There are mainly two aspects: noise and bandwidth
of the measurement.

The noise caused by the measurement directly influences
the credibility of experimental results. As shown in Fig. 14(a),
data of Pout (t) before 0.1 s are ignored due to the limitation
of the accuracy of sensors. In this case, the following two
solutions can be adopted: 1) by applying advanced measuring
instrument with higher accuracy, and 2) by increasing the level
of input power-loss Pin. The sensors applied in this article have
a measurement range of −40 °C to +250 °C with an accuracy
of ±0.3 to 0.8 °C. Since the sensors of case and heatsink are
set very close to each other, the temperature difference between
case and heatsink is relatively small under low level of input
power-loss. In this case, the errors introduced by sensors become
more significant. However, the errors can be reduced if advanced
measuring instrument with higher accuracy and faster response
time appear in the future. Moreover, if the input power-loss is
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Fig. 17. Comparison of estimated temperatures of device under a step power-
loss of 25.3 W into an IGBT module.

increased, the Pout curve will be smoother and the errors caused
by the limitation of sensors will also be reduced.

The bandwidth is another important aspect of the measure-
ment. Take the temperature sensors applied in this article as
an example, the response time of sensors from datasheet is
5 ms, i.e., the recorded temperature data are invalid before 5
ms, corresponding to a cut-off frequency of 30 Hz. Then, the
high-frequency behavior over 30 Hz will be filtered out. N is
supposed as the actual number of critical frequencies of this
power module. If there exists a critical frequency over 30 Hz
in reality, the number of critical frequencies will be thereby
reduced to N−1 limited by the measurement and the equation
for Pout will be changed. In this case, the accuracy of highest
frequency among the remaining N−1 critical frequencies will be
influenced. Fortunately, the error of high-frequency band in LPF
seems less important than low-frequency band, which has been
proved in Fig. 7. It is expected that the significant estimation
error for thermal behaviors will be experienced if the accuracy
of low-frequency band of the second thermal path cannot be
ensured. As a result, the number of critical frequencies in the
equation for Pout may be less than the actual number if limited
by the bandwidth of the measurement.

V. CONCLUSION

A new method to identify thermal parameters of the
frequency-domain model for power semiconductor devices has
been proposed in this article. Temperature responses of junc-
tion, case and heat sink under a step power-loss are measured
simultaneously in order to obtain two critical curves, which

contain information related to frequency-domain model. Then,
mathematical fitting is applied to estimate thermal parameters
of the model. The proposed method is validated by simulated
and experimental results and is relatively simple compared with
existing methods.
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