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Frequency-Domain Thermal Modeling of
Power Modules Based on Heat
Flow Spectrum Analysis

Mengqi Xu“, Ke Ma

Abstract—Many efforts have been devoted to describe the multi-
timescale thermal dynamics of power modules and frequency-
domain modeling is a relatively new approach. Unfortunately, only
the frequency-domain response of thermal impedance has been
studied in recent works, so the existing models can only describe
the temperature behaviors of semiconductors. In the reality, it is
not only the temperature of semiconductors which is important but
also of other parts of the package. In this article, a novel perspective
to study the thermal dynamics by analyzing heat flow behaviors is
proposed. Frequency spectrum analysis in finite-element method
simulation has been first used in this article, and it reveals that heat
flow of the power semiconductor device behaves as a multi-layer
low-pass filter (LPF). As a result, a novel modelling method of heat
flow with a 7order-3frequencies LPF has been developed in this
article and it can provide a comprehensive description of heat flow
behaviors for power modules at full bandwidth. Meanwhile, the
effects on heat flow behaviors brought by boundary conditions
are also considered to ensure that the proposed model can be
easily adapted to different boundary conditions. The effectiveness
and accuracy of the proposed model has been verified by both
simulations and experiments.

Index Terms—Curve fitting, finite-element method (FEM),
frequency domain response, power modules, thermal modelling.

I. INTRODUCTION

OWER semiconductor devices, especially insulated gate
bipolar transistor (IGBT) modules, have been widely used
in many important applications, such as renewable energy,
aerospace, and electric vehicles, etc. Consequently, the reliabil-
ity evaluation of the power modules is becoming an important
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research topic [1]. It has been widely accepted that thermal stress
of power electronic devices including over-heat and thermal
cycling, is one of the major causes of failures [2], there are
strong demands for accurate prediction of the thermal dynam-
ics of the power electronic devices under complex mission
profiles.

Since the device loading contains various time constants
from micro-seconds to years, the modeling of complete thermal
behaviors in power modules is a very challenging task. In [3],
three different modeling levels are separated according to the
timescales of the interested thermal dynamics and their distur-
bances. But, the main problem 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.
Thereby, amethod of handling multitime scale thermal dynamics
of power device by frequency-domain analysis has emerged
these days, and the frequency-domain response of thermal
impedance becomes attractive.

There are primarily three methods for obtaining frequency-
domain responses of device’s thermal behaviors nowadays. One
approach is to measure the transient thermal impedance and
convert it to Foster or Cauer network, and then frequency domain
representation can be acquired through time-frequency transfor-
mation. But, both of the thermal networks have their limitations:
it is hard to obtain parameters of Cauer network because the
physical structure/materials of the device should be provided
[4] and Foster network cannot be directly connected with the
thermal network outside device [5]. Furthermore, converting
a thermal transient to a frequency domain representation is
difficult because the conversion process is very sensitive to noise,
especially at higher frequencies [6]. As a result, Wang and Qiao
[7] proposes another approach to obtain frequency response by
applying the fast Fourier transform to the time derivative of
the transient thermal impedance, which removes the need of
deriving an explicit expression of the system’s transfer function.
Another method of acquiring frequency-domain response is to
excite the power devices with various losses at multiple frequen-
cies over a wide bandwidth, so that the impedance response can
be determined. In [8], [9], [10], [11], the thermal-impedance
frequency response of power modules is extracted by in situ
thermal impedance spectroscopy with small-signal loss excita-
tion. In [12], the thermal impedance between pairs of devices is
determined under the frequency-domain using a technique based
on pseudorandom binary sequences.
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It can be concluded that many efforts have been paid to study
the frequency-domain response of thermal impedance while
the heat flow frequency response of power modules is seldom
considered, but it has been proved that heat flow information is
of great importance for thermal description of power moduless
[13].In 2016, it was discovered that the gain of heat flow from Pj;,
(injected power-loss/heat into device) to P, (heat flowing out
of device) behaves as a low-pass filter (LPF) under frequency
domain as shown in [14], so that LPF was first proposed to
describe the heat flow characteristics of power device. However,
the structure of LPF was not defined clearly in this article, which
used a multilayer Cauer thermal network as reference. Although
the Cauer thermal network can represent power device thermal
transients, it is difficult to assure the correctness of frequency-
domain responses since the time-frequency conversion process
is very sensitive to noise [6]. Furthermore, the multilayer LPF
in [14] was degraded to three cascaded LPFs at first-order for
simplification and too much information was ignored. Thus,
the LPF has systematic deviations in various frequency bands,
proving that the existing structure of LPF is not accurate enough.

In this article, the heat flow spectrum in frequency domain
is first studied in FEM simulations and then an advanced
frequency-domain thermal model with a 7order-3frequencies
LPF for power modules is proposed. The structure of the
proposed LPF is carefully considered based on the simulated
results by frequency spectrum analysis of heat flow behaviors
in FEM simulation and its derivation process is provided in
detail. Compared with existing models as Foster and Cauer,
the proposed modeling method can provide a comprehensive
description of heat flow behaviors for power modules at full
bandwidth and the characterization method is relatively simple
that only external measurement is needed without knowing
physical structure/materials inside the device. In Section II, the
modeling method based on thermal spectrum analysis with FEM
simulation will be introduced and simulation verification will be
provided. In Section III, the impacts of boundary conditions on
the heat flow behaviors will be explained in frequency domain
and the changes on model parameters will also be introduced.
In Section IV, the proposed modeling method will be verified
by experiments.

II. THERMAL SPECTRUM ANALYSIS WITH FEM SIMULATION
AND PROPOSED HEAT FLOW MODELING METHOD

A. Problems of Existing LPF Structure for Heat Flow

The existing LPF in [14] is proposed based on the analysis
of the seven-layer Cauer model, whose thermal resistance and
thermal capacitance may be simply calculated as follow if a heat
spreading angle of 45° is assumed [15], [16]

d
S (1)
Ciun = VPCp ()

Ryp =

whered, k, p, ¢, V, and S represent the material thickness, thermal
conductivity, material density, specific heat capacity, effective
area and volume, respectively.
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Although the heat spread angle in different material is con-
sidered in some studies [16], [17], [18], [19], the accuracy of
the frequency-domain characteristics of this seven-layer Cauer
cannot be guaranteed. As stated in [19], the calculation of the
parameters of this seven-layer Cauer model is based on some
ideal assumptions, e.g., the thermal resistance has to be calcu-
lated between isothermal surfaces and the heat that flows into
the first surface has to flow out through the second. Therefore,
this seven-layer Cauer model is not accurate enough to be set as
reference. Another cause of the inaccurate estimation for thermal
behaviors of power semiconductor device by using the existing
method in [14] is that the degradation method of simplification
for LPF is applied. To be specific, the seven cascaded LPFs are
degraded into three cascaded LPFs at first-order as shown in
Fig. 1. Therefore, the transfer function for the heat or power loss
from input to output of the device G piy pout (S) is estimated as
the heat gain Gppr (s) in existing works

Gp,p,, (8) = GLpE (5)

27 fera 27 fero 27 fer3 3)
T s2nfert T SH2m fera 52T fers

where f.1, fere, and f..3 are the critical frequencies of the
simplified LPF, and s is the Laplace operator. The order of the
LPF is thereby reduced to three by using this method and it is
inevitable that the thermal behaviors in some frequency bands
will be ignored during curve fitting process for characterizing
the parameters. Thus, it is almost impossible to eliminate this
deviation if this simplification method for LPF is applied.

B. Thermal Spectrum Analysis With FEM Simulations

As mentioned above, the seven-layer Cauer model may not
be able to provide reliable references for frequency-domain
thermal analysis. Therefore, this article first builds a FEM model
in COMSOL, and then conducts frequency-domain thermal
simulations to get more reliable results. A 650V/50A power
IGBT module with six IGBTs and six diodes is studied in this
article. The parameters for the material of each layer of the
IGBT module are given in Table I and the construction of the
studied IGBT module for FEM simulation is illustrated in Fig. 2.
The total mesh has 103 269 domain elements, 40 518 boundary
elements and 4794 edge elements. As for the cooling system
outside the IGBT module, equivalent heat transfer coefficient
(htc) is often used as a simplified thermal boundary condition to
indicate the heat dissipation capability of the cooling system in
many literatures [20]. For different cooling systems, htc varies
from 10 W/m?-K to 10° W/m?-K [21] and htc = 3000 W/m?-K
is picked as a reference in this article. It should be noted that
this article only focuses on the thermal behavior of single IGBT
device under test (DUT) as marked in Fig. 2, and that the thermal
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TABLE I
PARAMETERS FOR THE MATERIAL OF IGBT MODULE

Lavers Material Thickness Density Thermal conductivity Specific heat
Y d (mm) p (kg/m’) A (W/mK) C, (J/kg'K)
Chip Si 0.13 2330 148 710
Chip Solder Sn-3.5Ag-0.5Cu 0.08 7500 33 230
Copper Copper 0.3 8700 395 385
DCB Al O, 0.38 3750 24 896
Copper Copper 0.3 8700 395 385
Baseplate Solder Sn-3.5Ag-0.5Cu 0.2 7500 33 230
Baseplate Copper 3 8700 395 385
Ambient temperature: 25°C - Qf
/ Chip (Si)
JGRIEHEIRUD) ! ; i | Chip Solder
Diode chip (Sn-3.5Ag-0.5Cu)
4 \ Copper
5
. s DCB Substrate (ALO3)
Boundary condition 7 Copper
represented by htc
s Baseplate Solder
y \I/"‘ DCB Section (Sn-3.5Ag-0.5Cu)
L Baseplate (Cu)
. . . . \ Cooling System (htc)
Fig. 2. Construction of the studied IGBT module modeled in COMSOL for
FEM analysis.
0 . . . Fig. 4. Locations of the point probes for heat flow of DUT during FEM
[as] simulation.
=
5 -50Ff 1
=i
p=
§9 -100 1 J  C. Modelling Method With Proposed 7order-3frequencies LPF
= -150 ; . . 1 'O : 1 - , The existing LPF in [14] is constructed based on the classifi-
10 107 10 10 10 107 107 cation of three groups according to the magnitude of cumulative
500 gains of heat flow |G'p, p, ()|, where n corresponds the nodes in
P Fig. 1. Here, another method of classification based on heat flow
k) spectrum from FEM simulations by observing the gains of heat
g 0 flow between the two adjacentnodes |G p, p, ., (s)| instead of the
é‘ cumulative heat gains is proposed. Similarly, the main purpose
200 | ‘ | | | is to reduce the undetermined parameters (critical frequencies in
103 102 107 10° 10! 102 10> LPF) from seven to three, corresponding to the three frequency
Frequency(Hz) bands/ timescales as described in [1] and [23]. The specific
locations of measured points for heat flow nodes are located
Fig.3. Bode plot of the heat gain from input loss to output by FEM simulation.

coupling effect between adjacent chips will be investigated in
further research.

For FEM thermal simulation, the heat transfer in solids mod-
ule in COMSOL needs to be activated first. There are two
steps to obtain thermal spectrum of DUT in frequency domain:
the first step is a Stationary study step which computes the
stationary/bias solution; the second step is the frequency domain
perturbation step, which computes a perturbed solution of the
linearized problem around the linearization point (or bias point)
computed in the first step [22]. As a result, the bode plot of the
heat gain from input loss to output G piy, poyt (5) can be obtained,
as shown in Fig. 3, proving that heat flow indeed behaves like a
LPF and the remaining issue is the structure of LPF.

on the surface of each layer, where the measuring point for the
junction node is in the center of the DUT and all the points are
allied in the same vertical line as shown in Fig. 4. It should
be mentioned that point probes are applied in this simulation
to provide the value of heat flux field quantity at these specific
points.

In this study case, the magnitude of gains of heat flow between
the two adjacent nodes in frequency domain from heat flow spec-
trum is illustrated Fig. 5. It should be noted that the frequency-
domain characteristics of the module correlate closely with the
materials and it would be too complicated if the structure of
filter for each layer is carefully considered. Therefore, the gains
of heat flow between the two adjacent nodes |Gp, p, ., (s)| can
be treated as first-order LPFs for convenience. As for filters, the
—3 dB point is very commonly used, representing the filter cuts
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Fig. 5. Proposed classification method based on magnitude of gains of heat

flow between two adjacent nodes in frequency domain when the baseplate with
htc = 3000 W/m?-K of lower surface is considered.

off half of the power at that frequency. Thereby, it is applied
here to construct the structure of LPF for describing heat flow
behaviors.

Since the corresponding frequency of G p, p, (s) (the baseplate
layer) at —3 dB is much lower than the others, the baseplate layer
is divided into group 1 alone. As for G p, p, (s) (the DCB layer),
the corresponding frequency at —3 dB is close to G p,p, ()
and Gp, ps(s) (the copper layers), so they can be classified
into the same group named group 2. As a matter of fact, the
corresponding frequency of Gp,p,(s) (the chip solder layer)
is around 1 kHz, which is almost impossible to be detected
by means of existing thermal measurements, such as optical
fiber temperature sensors (around 30 Hz). Therefore, the chip
solder layer, the chip layer and the baseplate solder layer can be
classified into the same group named group 3 as shown in Fig. 5.

Then, a novel LPF based on the grouping result without
reducing the order is proposed and the expression is presented
as

New [\ ~ onfi \'( 2nf2 \°f 2nfs \°
GLPF(S)N(S+27Tf1) (3+27Tf2> <S+27Tf3> @

where f1 < fa < f3, and s is the Laplace operator.

The proposed simplified LPF is a seventh-order low pass
filter and the frequency band is divided into three parts and
each parameter in this LPF has its explicit mathematical and
physical meaning: f; corresponds to low frequency band; fo
corresponds to medium frequency band; and f3 corresponds to
high frequency band. For example, f3 corresponds to high fre-
quency band which is composed of chip layer, chip solder layer
and baseplate solder layer of the studied device. If f5 changed
significantly after a long-time operation, this may be an indicator
that degradation might already happened in these regions. On the
other hand, the structure of LPF for different power modules can
be different, but it is convenient to determine the structure of LPF
for each specific device by using the proposed method.

Thereby a novel frequency-domain thermal model with the
novel simplified LPF is proposed. In this model, the structure
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Fig.6. Proposed frequency-domain thermal model with a 7order-3frequencies
LPF for power modules.

of the LPF is clearly defined, which is a seventh-order low pass
filter with three critical frequencies as illustrated in Fig. 6 and
the transfer function of LPF is represented in (4).

D. Characterization Method and Simulation Verification

The junction-to-case thermal impedance in this proposed
model can be either Foster or Cauer network, and it can be
characterized by time-domain curve fitting. Therefore, the main
problem is the characterization of LPF and external conditions
in proposed model.

As for the LPF, P;, is the input of heat source/power loss
generated on the chip and is defined as a step signal in the
time domain during characterization process. Therefore, the
frequency domain expression of P, can be represented as

Pin

P (s)= " s)

So the output heat flow P, (s) can be calculated as
Pou (8) = P (5) - Gp,py (5) = Pa () - Gipg (s) . (6)

By applying inverse Laplace transform, to (6), time-domain
heat flow P, (f) can be represented as

Pout (t) = £71 {Pout (S)} . (7)

As aresult, the critical frequencies of proposed LPF in (4) can
be characterized by mathematical fitting from Py, (f) curve us-
ing the expression of (7). The time-domain plots of the predicted
heat flow by using the expression of (7) is shown in Fig. 7, which
have a good agreement with the FEM simulation compared
with the existing methods, including Foster network fitted from
transient thermal impedance, and Cauer network calculated by
(1), (2). It is worth noting that the results of Foster model in
Fig. 7 are added only for completeness but they have no physical
meaning. The three frequencies of the proposed method in green
are identified as f; = 0.2235, f» = 16.5, and fs = 81.39 Hz,
respectively, and the time-domain simulated results show that
the accuracy of the heat flow predictions can be improved to 0.01
s by using this proposed method. Furthermore, the ripples appear
in Fig. 7 because of the intrinsic problem of time-dependent
solver algorithm in COMSOL. Time-dependent solver is used
in COMSOL to find the solution to dynamic problems and it
offers three different time stepping methods: The implicit BDF
and Generalized alpha methods and the explicit Runge—Kutta
methods. The Runge—Kutta is appropriate for systems of
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T T T TABLE IT
L L e T IDENTIFIED FOSTER-TYPE THERMAL IMPEDANCE OF COOLING
SYSTEM BY PROPOSED METHOD
10° | 1
Thermal Resistance Thermal Capacitance
R,; (K/W) C13(J/K)
= 0.09985 0.01
3 0.09982 0.01
o
&~ ot J 0.08965 60.82
Simulated by COMSOL
===ss Foster Network
v Cauer Calculated by Eq.(1)(2) 140 T T T
'I === Proposed Model — Simulated by COMSOL
10-10 1. L L I T 120 L{mre Foster Network //_—-:
4 3 2 -1 0 1 2 Cauer Calculated by Eq.(1)(2) R
10 10 10 10 10 10 10 — - Proposed Model
Time (s) 100 ]
Fig. 7. Simulated comparison of time domain response of heat flow by

proposed LPF and existing methods.

ordinary differential equations and are usually not as efficient
for problems involving partial differential equations. Thereby,
only BDF and generalized alpha can be applied in this case but
both of the two methods have severe damping effects, especially
the lower order BDF [24]. Fortunately, the ripples are ignorable
that the maximum value is less than 10 and they only happen
before 1072 s, so that it has little effect on temperature calculation.
To represent the capability of the cooling system, the equiv-
alent htc of the cooling system is used in FEM simulations but
it is difficult to be applied in the proposed model. Thereby, the
modeling of external conditions should also be carefully consid-
ered. As shown in Fig. 6, the input of external conditions in the
proposed model is the output of LPF P, so that the temperature
difference happened on the case should be calculated by

A,I‘cu, (3) = Pout (S) -Zth(cfa) (S) (8)

where a refers to ambient node and the ambient temperature Ta
equals to 25 °C here. If three-layer Foster network is applied
for the external cooling condition, so its frequency-domain
expression can be represented as

3
R;

Zih(e— = —_— 9

w0 )= 2 po i ©)

Since the time-domain step response of case temperature

can be obtained by transient simulation, the RC parameters of
Zinh(c—a) €an be determined by fitting the expression of inverse
Laplace transformed (8) as

AT, (t) =L {Pu(s) G (5)  Zin(e—a) ()} . (10)

Then, the thermal impedance of cooling system can be ob-
tained, and the fitted result is given in Table II.

As aresult, the junction and case temperatures when injecting
100 W step power loss into the IGBT chip predicted by different
models are shown in Fig. 8, where the proposed model has a good
agreement with simulated results. It can be seen that both the
Foster network and Cauer network are unable to provide accurate
estimation for thermal dynamics with the identified thermal
impedance of cooling system from Table II. Therefore, both

Junction Temperature (°C)
fee]
o

60 H
40 9
20 1! 1l Il
10° 107 107 10° 10°
Time (s)
(a)
60 T T
— Simulated by COMSOL
55 {annun Foster Network |
Cauer Calculated by Eq.(1)(2)
9 So0F = === Proposed Model
%’45— Tt e
= 0
g 40 :~
5 :
235+ R
2 Y
S0t o
““
25 aus® e o
20 f I .
10° 10 10° 10° 10°
Time (s)
(b)

Fig.8. Simulated comparison of time domain response of temperature by pro-
posed LPF and existing methods. (a) Junction temperature. (b) Case temperature.

the widely used thermal networks have significant limitations on
predicting thermal behaviors while the proposed model can pro-
vide a comprehensive description of thermal dynamics for power
modules, including temperature and heat flow characteristics.

III. IMPACTS OF BOUNDARY CONDITIONS ON THE MODEL
PARAMETERS

Similar to thermal impedance, the boundary conditions also
have an effect on heat flow behaviors. To comprehend the signif-
icance of boundary condition effects on the heat flow of an IGBT
module, cooling system variations and power loss variations are
considered by frequency-domain FEM simulations, and the LPF
parameters are characterized using the aforementioned method.
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A. Variation of Cooling System

As stated in [21], htc varies from varies from 10 W/m2-K
to 10> W/m?-K depending on the cooling mechanism. In this
article, the htcs in the range of 500 to 10 000 W/m?2-K are used,
which are reasonable values for the IGBT module’s cooling
system. As illustrated in Fig. 9, the magnitude of Gp,p,(s)
significantly changes according to the cooling system variation
while the magnitude of Gp, p,(s) remains unchanged. As a
result, only the parameter of lowest frequency f; in proposed
LPF will be influenced under this circumstance and its changing
trend is plotted in Fig. 11(a). The corresponding polynomial
fitting coefficients are also given and R? represents the coefficient
of determination in statistics, which is a goodness-of-fit measure
range from zero to one.

B. Variation of Power Loss

In this circumstance, the htc is set to 3000 W/m?-K, and
the IGBT chip is excited with different step power losses
to investigate the impact of heat sources on the heat flow

behaviors. According to the datasheet of this studied 650
V/50 A power IGBT module, the step power losses vary
from 10 to 200 W. As shown in Fig. 10, the magnitude
of Gp,p,(s) changes according to the power loss variation,
whereas the magnitude of Gp,p,_(s) remains unchanged. As
a result, only the parameter of highest frequency f3 in pro-
posed LPF will be influenced under this circumstance and its
changing trend with polynomial fitting coefficients is plotted in
Fig. 11(b).

IV. EXPERIMENTAL VALIDATIONS

To verify the proposed modeling method, the same 650 V/50
A IGBT power module is taken as an example for experimental
tests. The temperatures are measured by T-type thermocouples
(omega TIC36-CPSS-020G-2) and connected to the ten-channel
HIOKI LR8432 Heat Flow Logger. During the experimen-
tal process, only one chip of the module is heated and the
temperature probes are placed right beneath the heated IGBT
chip.
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A. Limitations of Heat Flow Measurement and Proposed
Solutions

In the proposed method, the main idea is to characterize
frequencies of the proposed LPF from P, curve, which is
difficult to be directly measured. As a result, the method of
obtaining the heat flow behavior P, (f) by indirect approach
through two temperature nodes is adopted as follows:

T.(t) — Th (1)
Zch )

However, Z,,(t)is impossible to define without precise mea-
surement of P, (7), which creates a paradox. As a matter of fact,
the thermal capacitance Cy, of thermal grease is usually smaller
than 1 (J/K) because the thickness of thermal grease is usually
less than 100 um when device is well installed on the cooling
system. Therefore, (11) can be simplified as (12) to estimate
Pout (7) by supposing only pure thermal resistance exists in the
layer of thermal grease, if the two temperature sensors are close
enough

Pout (t> - (11)

Tc (t) B Th (t)
Rch .

The difference of obtained P, () curve by using different
probes is carefully studied by FEM simulations. In order to
demonstrate the influence caused by the distance, a thermal
grease layer is added during FEM simulations with the tempera-
ture probe for case on the upper surface and the temperature
probe for heatsink on the lower surface. Since only thermal
resistance is considered in this case, the specific heat C), of the
material for thermal grease is set as zero and the difference of
obtained P, (f) curve by using different probes is demonstrated
by adjusting the thickness of this layer as shown in Fig. 12. It
can be concluded that the greater the distance, the error caused
by this measurement method is larger. Fig. 12 also illustrates
that the measured thermal resistance ., in this experiment is
recommended to control within 0.15 K/W.

Another problem is the limitation of sensors. Although the
temperature sensors applied in the setup are claimed to have a

Pou (1) = 12)

1.2 T T

Pout (Rch=0.017)
—— ATch (Rch=0.017)

—_—
T

=
& Pout (Rch=0.156)
£ (.8 | |——ATch (Rch=0.156) |
5 Pout (Rch=0.290)
S ¢ L[ ATeh (Reh=0290) |
=Y Pout (Reh=0.614)
= ATch (Rch=0.614)
Z 04t 1
E
=
g 02+ 1
g
5}
@] [ e— i
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Time(s)

Fig. 12.  Comparison of obtained P (t) curve by using temperature probes

with different R}, in FEM simulation.

measurement range of —200 °C to 700 °C with the accuracy
of £1 °C and the response time of 0.1 s, the influence on the
measured P, (f) cannot be ignored. It is difficult to further im-
prove the accuracy of sensors, but there is one way to minimize
the effects brought by the response time. In (13), 7 is defined
as the time constant of the delay block, which is the time in
seconds the sensors need to respond to 63% of the step-change
in temperature

1

Gy (8) = 77 -

(13)
Therefore, the output heat flow P, (s) should be modified

as

Jzis

out

(S) _ Glaelay (8) T (5)=Glaetay () T ()
Rch
= Gdelay (5) - Pout (5)

By combining (6) and (14), the experimental time-domain
output heat flow can be obtained by using inverse Laplace

(14)
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Fig. 13.  Experimental setup for thermal characterization of the IGBT module.
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Fig. 14.

Customized heatsink with mounting holes for case and heatsink
temperature sensors.

transform and the detailed expression can be obtained by running
several lines of code in MATLAB.

B. Experimental Results

The experimental setup is shown in Fig. 13 and a 650 V/50 A
IGBT power module is applied in this article. As mentioned in
above, the measuring points for case and heatsink node should
be set very close to each other to reduce measurement error, the
distance between the two nodes here is 7 mm and the mounting
locations of temperature sensors are depicted in Fig. 14. Ac-
cording to the JEDEC Standard [25] and Infineon application
note [26], the temperature curves should be measured during
turn-OFF process and the recorded temperature curves need to
be vertically mirrored. Before cutting off the current, the chip
is heated with constant current 45 A and conduction voltage of
1.64 V, which is equivalent to a step power-loss of 73.8 W. The
experimental curves of case and heat sink under a step power
loss of 73.8 W are shown in Fig. 15, which indicates that R,
equals to 0.05 K/W, much smaller than the recommended 0.15
K/W as stated in Section A.
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Fig. 15. Recorded temperature curves for case and heat sink under a step

power loss of 73.8 W.
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Fig. 16. Experimental comparison of thermal behaviors predicted by the

proposed method with existing methods. (a) Heat flow. (b) Case temperature.

Thereby, the P, (#) curve can be obtained by using (12) and
the parameters are identified by proposed method. Considering
that f3 may be hard to identify because the response time of
thermocouples is limited to 0.1 s, the lower bound of f3 is set
to 100 Hz to reduce the influence on the accuracy of f; and f»
brought by the uncertainty of f5. As aresult, the three frequencies
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of the proposed method by experiment are identified as f; =
0.086, fo = 5.684, and f3 = 109.82 Hz respectively.

The comparison of time-domain step response of thermal
behaviors with proposed model and existing models is plotted
in Fig. 16, which directly shows that the proposed model with
identified parameters has a good agreement with the experiments
compared with existing and both the heat flow and tempera-
ture characteristics of the studied IGBT chip can be perfectly
described by the proposed model. Another advantage of this
method is that the characterization of the proposed thermal
model is much easier when ensuring the accuracy of results.
Only two temperatures outside the module (case and heatsink)
should be measured in the proposed method while junction and
case are need to be measured simultaneously in most existing
methods. It is well known that junction temperature is difficult
and complicated to measure in some cases. Thus, this proposed
frequency-domain thermal model provides possibility for char-
acterizing the heat flow behaviors inside without decapsulation
of the power module.

V. CONCLUSION

This article presents a novel thermal modeling method for
power modules. Different from existing methods, heat flow
spectrum of IGBT chip in frequency domain has been first
studied in FEM simulations and an advanced frequency-domain
thermal model with a 7order-3frequencies LPF has been pre-
sented. There are three parameters (f7, f2, and f3) in the proposed
LPF and the derivation process of this special structure has
been explained in detail. The effectiveness of this proposed
frequency-domain thermal model has been verified by FEM sim-
ulations and experiments. Also, this article studies the boundary
condition effects on the heat flow of a power module, which
uncovers that the power loss variations mainly influence f5 (high
frequency band) of the LPF while the cooling system variations
mainly influence f; (low frequency band) of the LPF.
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