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Degradation Diagnosis of Power Module Based on
Frequency Characteristics in Heat Flow

Mengqi Xu”, Ke Ma

Abstract—With the growing demand for highly reliable power
electronic systems, the degradation diagnosis of the power modules
is becoming increasingly important. Due to its multilayer structure
and complex operating conditions, power modules are subject to
several different degradation mechanisms and locations. However,
most existing approaches for degradation diagnosis are designed
to identify only one particular type of degradation. In this article,
a novel approach for diagnosing degradations in power modules
is proposed based on the frequency-domain heat flow spectrum
analysis. Different degradation modes can be clearly distinguished
based on the discovery that the frequency-domain heat flow charac-
teristics will change in different frequency bands under different lo-
cations of degradation. Simulations and experiments are provided
to validate the proposed analysis and method.

Index Terms—Degradation, finite-element method (FEM),
frequency domain analysis, power module, reliability.

I. INTRODUCTION

ECENTLY, insulated gate bipolar transistor (IGBT) power
modules, have been widely used in reliability-critical and
high-power applications such as electric vehicle, wind turbines,
smart grids, and power transmission systems [1], [2], where high
cost may be paid on maintenances and failures. As a result, it is
of great importance for early diagnosis of degradation in power
modules to guarantee the safe operation of power electronics.
In practical use, the IGBT power modules are subjected to
complicated thermal stresses, including power cycling caused
by load variations of mission profiles and thermal cycling cause
by variations of surrounding thermal environment [3], [4]. These
effects cause cyclic thermo-mechanical stress in all components
and joints of the modules [5], leading to fracture initiation and
propagation in solders, metallurgical damage to wire bonds and
emitter metallization [3], and deterioration of thermal interface
material (TIM). Many technologies have been developed for
degradation diagnosis in recent years.
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The method of monitoring thermal resistance is commonly
used for detecting solder layer degradation of power modules [6]
while electrical parameters like on-state voltage drop Ve (on) for
IGBTs are used to evaluate bond wires [7]. Typically, an increase
of the internal thermal resistance from the junction to case by
20% or an increase of the V. (on) by 5% is adopted as the thresh-
old value [8], [9]. Despite its easy implementation, this method
has some problems. First, it requires accurate measurement of
junction temperature 7); and device’s power loss [10]. Normally,
thermal sensitive electrical parameters (TSEPs) are applied for
T; [11]. But it requires a comprehensive understanding of the
relationship between the TSEPs, device health conditions, and
operating conditions [11], making it complicated to be applied
in practice. For example, the on-state voltage drop Ve on) is
usually used for estimating 7} [7], but it is also treated as an
indicator of the health status of bond wires [12]. However, the
degradation of solder layers will also cause increase of 7; and
then affect V. (on) because there is a strong coupling between
electrical and thermal characteristics [13]. As a result, it is
difficult to identify exactly which degradation happens in power
modules.

To deal with these challenges, more advanced methods have
been proposed for degradation diagnosis of power modules. A
commonly used method is the transient thermal impedance and
the structure function as proposed in [14] and [15]. It allows
for the diagnosis of different degradation modes by separating
the different regions of the internal structure. However, the
problem of accurate measuring 7; and power loss still remains.
In order to reduce the influence caused by temperature and
loss error, another method of extracting the thermal impedance
frequency response function (FRF) was proposed in [16] and
[17]. It has been discovered that unique changes of phase
information in different frequency bands will happen under
different degradation modes. But it is difficult to recognize
the changing rules from the FRF, so artificial neural networks
(ANNG5) are recommended for diagnosis of different degradation
mechanisms. As a result, massive data is required for training
the ANN and the effectiveness of this method cannot be always
guaranteed.

Due to the difficulty of monitoring the health status of power
module based on T}, several methods have been developed by
utilizing the case temperature 7., which is easier to be detected.
Xiang et al. [8] propose a method of tracking the changes in
the case-above-ambient temperature rise and Wang et al. [18]
propose a method of using case temperatures measured at two
different locations for detecting solder degradation. But these
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TABLE I
PARAMETERS FOR THE MATERIAL OF IGBT MODULE

Layers Material Thickness Density Thermal conductivity Specific heat

d (mm) p (kg/m?) A (W/mK) C, JkgK)
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 ALO; 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

techniques normally consider thermal resistance as an indicator
for solder layer degradation and ignore the degradation detection
for TIM, which is widely used to fill the gaps between the
module baseplate and the heatsink in order to improve physical
integrity and thermal transfer [6], [19]. As a matter of fact,
TIM deterioration is quite common, according to an industry
survey [20]. To deal with this issue, Zhang et al. [21] propose
an approach to monitor Cauer-type thermal parameters based on
the time constants of the case temperature cooling curve, making
it possible to simultaneously detect the solder layer degradation
and the TIM deterioration. However, all of these methods of
using case temperature have one common disadvantage: they are
sensitive to the measuring points of the case temperature. For
example, it is recommended in [21] that the case temperature
sensor be placed directly below the center of the chip, and if
there is a deviation of a few millimeters, no degradation will be
detected. It severely restricts the application of this technique
because there are usually multiple chips in one power module
and it is difficult and impractical to install case temperature
sensor under each chip.

To overcome the aforementioned concerns and challenges, a
novel method of degradation diagnosis of power modules based
on the frequency-domain heat flow spectrum has been proposed
in this article. It is easy to separate different degradation modes
based on the discovery that the frequency-domain heat flow
characteristics will change in different frequency bands under
different locations of degradation. Furthermore, the effective-
ness of the proposed method is independent of the position
of the measuring point of the case temperature, providing the
possibility of monitoring the health status of multiple chips
simultaneously by just setting one case probe. The proposed
method is easy to implement and has been verified by both
simulations and experiments. It is worth mentioning that the
proposed method is effective for degradation diagnosis of the
layers which the heat flow passes, such as chip solder and TIM,
but not bond wires. Therefore, it is recommended to apply this
method in combination with other techniques of detecting the
bond wire degradation for complete diagnosis of the power
modules in practice.

II. DEGRADATION ANALYSIS OF FREQUENCY-DOMAIN
HEAT FLOW SPECTRUM

A novel approach to deal with degradation diagnosis by
utilizing the heat flow information under frequency domain is
proposed in this article. To study the heat flow characteristics
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Fig. 1. Studied IGBT module. (a) Photograph of the module. (b) FEM model
built in COMSOL.

of power modules under frequency domain, a finite-element
method (FEM) model needs to be first established.

A. Power Module and FEM Model Under Study

A 650 V/50 A power module from Starpower with 6 IGBTs
and 6 diodes is used as study case in this article, as shown
in Fig. 1(a). The parameters for the material of each layer
of the studied IGBT module are given in Table I and the
construction of the FEM model is illustrated in Fig. 1(b). It
should be noted that equivalent heat transfer coefficient (htc) is
used as a simplified thermal boundary condition to indicate the
heat dissipation capability of the cooling system in this article,
and htc = 3000 W/m?-K is picked as a reference for healthy
condition, which is reasonable value for the cooling performance
of water-cooled heatsink as stated in [22]. The total mesh of built
FEM model has 1 03 269 domain elements, 40 518 boundary
elements, and 4794 edge elements.

B. Heat Flow Spectrum of Power Module Under Tivo
Degradation Mechanisms

In order to study the heat flow characteristics under the inter-
ested degradation mechanisms, one of the IGBT chips is selected
as a boundary heat source and specific locations of measuring
points for heat flow nodes are set as shown in Fig. 2, where
the measuring point for the junction node is in the center of the
studied chip and the case node is allied underneath the chip in
the same vertical line. It should be mentioned that point probes
are applied to provide the value of heat flux field quantity at
these specific points by assuming that the heat flux distribution
is assumed to be uniform, so that the characteristics of gain of
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Fig. 2. Locations of the probes for heat flow characteristics during FEM
simulation.

heat flow can be seen as the same as heat flux

GPinPout (S) ~ Gq]'qc (S)

where P refers to heat flow and ¢ refers to heat flux.

Then, a two-step simulation is conducted to obtain heat
flow spectrum Gp,, p, . (s): the first step is a stationary study
step which computes the stationary/bias solution; the sec-
ond 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 [23].

Many studies indicate that the cyclic thermo-mechanical
stress caused by complicated operating profiles in all compo-
nents and joints of the modules [5] leads to crack, void, and de-
lamination in the different interface layers [21], [24], especially
the chip solder. Therefore, chip solder degradation is studied in
detail. Besides, the TIM deterioration is also an important issue
because the TIM is also tended to failure when subjected to a
wide range of cyclic thermal-mechanical stresses, and the failure
of TIM is primarily due to grease pump-out and dry-out [25].
The TIM deterioration causes an increase in thermal resistance,
leading to over-heating of the power modules. As a result, the
influences of TIM deterioration on heat flow characteristics
under frequency domain is also important, which should be
carefully studied.

1) Chip Solder Degradation: Prior research, including FEM
simulation and experimental X-ray images, demonstrated that
solder degradation initiates from the edges and propagates in-
ward to the center [19], along with voids that range in size from
10 to 150 pm randomly distributed in various shapes [26]. As a
result, to simulate the degradation happened in the chip solder
layer by FEM, it is assumed that the area of chip solder is reduced
and the crack grows from edge toward the center point of this
layer [18], [19]. As well as the crack growth with the increase of
degradation degree, voids with different sizes are added in chip
solder layer [4], [26], [27], which makes the simulation results
close to the real situation. As shown in Fig. 3, six conditions are
considered here and the remained area of the chip solder layer
under each condition is also indicated.

Repeated frequency-domain FEM simulations with the six
different conditions in Fig. 3 are thereby conducted. For each
case, a two-step simulation as mentioned above is required and
the changes of heat flow spectrum G p,,, p,, (s) with the decrease
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Fig. 3. Six conditions of the health status of chip solder in FEM simulation.
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Fig. 4. Heat flow characteristics in frequency domain with different sizes of

chip solder layer.

of area of chip solder can be obtained as illustrated in Fig. 4.
It can be seen that, as the area of chip solder decreases, the
magnitude plot of heat flow tends to decay more quickly, and
the phase plot that the frequency band from 1 to 50 Hz is signifi-
cantly influenced when degradation happens in the layer of chip
solder.

2) TIM Deterioration: In addition to solder degradation,
TIM deterioration is also very common in power modules, so
how the heat flow spectrum changes when TIM deterioration
happens is an important issue. In COMSOL, the equivalent htc
of the cooling system is used to indicate the amount of heat
transported between a solid and a fluid by convection in order
to represent the cooling system’s capacity [22].

According to the existing research in [6] and [21], TIM degra-
dation causes an increase in thermal resistance and a reduction in
heat dissipation performance. As a result, TIM deterioration can
be simulated by reducing the value of htc in FEM simulation,
are shown in Fig. 5, where the variation of heat flow spectrum
Gp,, P, (s)is presented. It can be seen that the magnitude plot
of heat flow also begins to decay at a much lower frequency band
as htc reduces, and the frequency band from 1073 to 10~ Hz of
the phase plot is mainly influenced.

As a conclusion, frequency-domain heat flow characteristics
will change in different frequency bands under two locations of
degradation. Butitis not obvious by just observing the bode plots
of heat flow, thereby a novel approach to diagnose degradation
will be demonstrated in the next section.
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Fig. 6. Bode plot of the normalized sensitivity function for different degrada-

tion mechanisms.

III. PROPOSED METHOD FOR DEGRADATION DIAGNOSIS
A. Sensitivity Function

To better distinguish different degradation mechanisms, a
normalized sensitivity function S is defined here as the ratio
of an aged power module’s heat flow transfer function to the
original heat flow transfer function of a healthy power module

Aged—1
Gpip,., (8)

Heatlh

Pro Py (5)

@)

Saged—i (8) =

where s is the Laplace operator and i refers to each condition of
different aging degrees.

The bode plot of the normalized sensitivity function is shown
in Fig. 6, and it is easy to identify different degradation mecha-
nisms from the phase information. When chip solder degradation
happens, the frequency band around 10 Hz has a great deviation
from the origin. When TIM degradation occurs, there is a sig-
nificant departure from origin in the frequency range around
0.01 Hz.
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Fig. 7. Principle of constructing LPF for heat flow.

B. Heat Flow Function of Power Module Under
Frequency Domain

As can be seen in Figs. 4 and 5, the frequency-domain heat
flow from chip to case node behaves like a low-pass filter (LPF).
The principle of constructing the LPF is shown in Fig. 7, which
assumes that a 7-layer Cauer network can be used for describing
the thermal behavior of the power module. Thus, the heat flow
through each internal layer within the power module behaves as
first-order LPFs. Also, it was found that certain heat flow gains
exhibit similarities and can be grouped together. As a result, a
7order-3frequencies LPF has been proposed to describe the LPF
characteristics of heat flow from junction to case in our previous
work [28]

27 f1 )1( 27 fa ) ( 27 f3 )3
s+ 27 fi s+ 27 fo s+ 271 f3

where f1, fo, and f3 are the critical frequencies of the LPF, and
s is the Laplace operator. The three critical frequencies satisfy
f1 < f2 < f3, and each parameter its explicit mathematical and
physical meaning: f; corresponds to low frequency band com-
posed of baseplate layer, fo corresponds to medium frequency
band composed of the DCB layer and two copper layers, and f3
corresponds to high frequency band composed of chip layer and
two solder layers.

By using the parameter extraction method in our previous
work proposed in [29], the three critical frequencies of LPF are
identified as f; = 0.2235, fo = 16.5, and f3 = 81.39 Hz for the
healthy power module, respectively. To prove the effectiveness
of the aforementioned LPF with the identified parameters, Fig. 8
compares the bode plot of identified LPF with FEM results,
showing that the identified LPF is highly consistent with sim-
ulation results below 100 Hz. It is important to note that FEM
results suggest that the LPF should have a higher order, but for
the sake of simplifying the modeling process, a seventh-order
LPF is used here. This is reasonable because the magnitude of
the heat flow is below —100 dB in the frequency band above
100 Hz, indicating that some high-frequency thermal behaviors
can be neglected.

Grpr (s) = (
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of heat flow characteristics under frequency domain.

C. Impacts on Critical Frequencies of LPF With Different
Degradations

With the information of the proposed 7order-3frequencies
LPF structure, the characteristics of heat flow in different
frequency bands when different modes of degradation occur
can be studied. Corresponding to the range of frequency band
influenced by the two degradation mechanisms illustrated in
Fig. 6, it can be deduced that f; will be influenced when solder
degradation happens, while f, will be influenced when TIM
deterioration happens. But the changing trend should be studied
in detail and the parameters of LPF under each case can be
easily obtained using the aforementioned parameter extraction
method.

When TIM deterioration happens, the lowest critical fre-
quency fi of the 7order-3frequencies LPF represented in (3)
is the only parameter that influenced by the variation of htc, and
its changing trend is illustrated in Fig. 9(a). It demonstrates that
as the decrease of heat transfer capability of cooling system, fi
decreases.

Similarly, when chip solder degradation happens, it is obvious
in the phase plot of Fig. 6 that the frequency band around 10 Hz
is significantly influenced. As a result, only the medium critical
frequency fo> in the LPF is supposed to be smaller when chip
solder degradation happens, and the identified fo under each
case of Fig. 3 is shown in Fig. 9(b). It can be concluded that as
the remained area of chip solder decreases, f> decreases.

As for the highest critical frequency, f3, is noted to correspond
to a high frequency band around 100 Hz, and this frequency will
not change in the types of degradation studied in this article. As
a result, the deviation of f3 is not considered.

It can be concluded that frequency bands influenced by
degradation are slightly different from the critical frequency
represented for corresponding layer in LPF. For example, the
chip solder layer should correspond to f3, which is 81.39 Hz,
but when the chip solder layer degrades, the frequency band
around 10 Hz is mainly affected, thus affecting f>. Fortunately,
although it is difficult to establish a one-to-one correspondence,
there is a certain regularity that the frequency bands that undergo
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Fig. 9. Changing trend of LPF parameters when degradation happens. (a) f1

with different htcs. (b) fo with different remained areas of chip solder.

changes are about ten times smaller than the critical frequencies.
Therefore, the critical frequency f; and fo can be picked as
the indicator of TIM deterioration and chip solder degradation,
respectively. This regularity can be applied for different modules
and the LPF can be expressed in a more general form

o 2nfi \( 27fs Yroomfs \©
GLPF(S)—<S+27Tf1> (3—|—27er> <s+27Tf3> @

where a + b 4+ ¢ = N. N refers to the number of layers inside
power module. The order of each critical frequency depends on
the grouping classification, as illustrated in Fig. 7.

In a conclusion, the critical frequency f; and f> of LPF can be
picked as the indicator of degradation. But it is still difficult
to establish a universal standard for defining the degree of
degradation because the rate of change in critical frequencies
for different power modules may vary, and it requires further
research.

D. Experimental Validation of TIM Deterioration

Since htc is a simplified representation of boundary condition
in simulations, the study of TIM deterioration by reducing htc
in FEM is not much close to the real situation. Therefore, it is
necessary to conduct experiments to uncover the changing trend
of fi when TIM deterioration happens.
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Fig. 10.  Four conditions of thermal grease for studying TIM deterioration.
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Fig. 11. Experimental setup. (a) Photograph of the experimental setup. (b)
Locations of case and heatsink temperature sensors.

In order to simulate TIM deterioration, four conditions of
thermal grease are considered here as shown in Fig. 10. It can be
estimated that the remained area of TIM for four conditions are
100%, 75%, 51.67%, and 30%, respectively. Then, the change
of the lowest critical frequency f; should be studied.

However, in practice, it is difficult to directly measure heat
flow behaviors to identify the parameters of LPF. As a re-
sult, the method of obtaining LPF parameters by indirect ap-
proach through the difference of case and heatsink temperature
nodes AT, (7) is adopted. The experimental setup is shown
in Fig. 11(a) and T-type thermocouples (omega TIC36-CPSS-
020G-2) with the accuracy of +1°C and the response time
of 0.1 s are applied for temperature measurement. The detail
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ture curves for case and heatsink with heating current of 30 A. (b) Comparison
of fitting results of AT, during cooling phase with experiment.

explanation of the method by using AT, (f) has been stated
in [28] and it has been discovered that the parameters of LPF
can be accurately obtained if the two temperature sensors for
case and heatsink are close enough. The locations of case
and heatsink sensors for calculating AT, (f) are illustrated in
Fig. 11(b), which satisfy the requirement that the case sensor is
close to heatsink sensor. Furthermore, all the temperature curves
are measured during cooling phase according to the JEDEC
Standard [30].

Take the condition of Aged-1 as an example, Fig. 12(a) shows
the experimental curves of case and heatsink with heating current
of 30 A in this case. The AT, (f) curve is calculated after cutting
off the heating current. Then, by using the parameter extraction
method of our previous work in [29], the LPF parameters under
each case can be obtained. Fig. 12(b) illustrates the fitting
result of Aged-1, which has a good agreement with experiment
with 0.94876 of R?, proving the effectiveness of the parameter
extraction method and the high accuracy of obtained parameters.

Therefore, the parameter of LPF for each condition can be
obtained as shown in Fig. 13. It should be noted that the lowest
critical frequency f; will be influenced when TIM deterioration
happens, so only the changing trend of f; with the reduction of



10298

0.35 T T T T T T

100 | 75 | 5167 30
0.3045 0.2211  0.0899 0.0567 y

03| f

fl (Hz)

0.05 s s ‘ s . s
30 40 50 60 70 80 90 100
Remained Area of TIM (%)
Fig. 13. Identified f1 under four conditions of TIM in Fig. 10.

Case node C1
(underneath the IGBT chip)
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Fig. 14.  Two positions of case node.

area of TIM is taken into account in Fig. 13. It is evident that as
the degree of TIM degradation increases, f; decreases, consistent
with the simulation results. As a result, the TIM degradation can
be diagnosed by the proposed method of monitoring f;: when
f1 is decreased to some degree, there might TIM degradation
happens and it is recommended to concern the health status of
TIM.

As a conclusion, the heat flow characteristics in the frequency
domain under different degradation mechanisms are studied
in this section. The proposed method by using the frequency-
domain heat flow spectrum for diagnosis of degradation that
occur in power modules is verified by FEM simulations and
experiments.

IV. INFLUENCE OF CASE NODE POSITION

One power module typically contains several chips, making
it inconvenient to place a case temperature sensor under each
chip. Thus, the measuring point for case is not always set right
underneath the interested chip. But for existing methods, for
example, the method of [21], the temperature sensor should
be placed directly below the center of the chip to ensure its
effectiveness, severely limiting its application. As a result, the
influence of case node position on the proposed method should
be carefully studied and FEM simulations are conducted first.

A. FEM Simulation

In FEM simulations, two positions of case nodes are consid-
ered as shown in Fig. 14. Case node C1 in blue is set underneath
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TABLE II
IDENTIFIED LPF PARAMETERS FOR DIFFERENT HTCS WITH TWO CASE NODES
Case node Cl Case node C2
e /1 (Hz) Y 7,7 ;
3000 0.2235 0 0.1704 0
2500 0.2138 —4.34% 0.1602 -5.96%
2000 0.1903 -14.85% 0.1426 -16.31%
1500 0.1558 -30.29% 0.1138 -33.22%
1000 0.0936 -58.12% 0.0678 -60.21%
500 0.0274 -87.74% 0.0184 -89.20%

the IGBT chip, while case node C2 in red is set at the rotation
center of four chips in the same DCB section.

The comparison of sensitivity function for two case nodes
is shown in Fig. 15, where TIM deterioration is simulated. It
can be seen that the bode plot of sensitivity function for C2
as case node is almost the same as that of CI. It means that
position of case node brings little influence on the effectiveness
of the proposed method for degradation diagnosis of power
modules, but quantitative analysis is also required for better
understanding. Therefore, the changing trend of f; should be
studied by selecting C2 as case node and the rate of change in
f1 1s defined to uncover the degree of impact

Afii= f1i = J1,hte=3000 % 100%
f1.nte=3000

®

where i refers to each condition of htc varied from 2500 to 500.
As can be seen in Table II, the parameters f1 for two case nodes
under the same TIM condition are different but the changing
trends of f; are the same: f; decreases with the decrease of htc.
Also, the rates of change in f; calculated in (5) are shown in
Fig. 16, indicating that the degradation degree detected with case
node C1 is much close to those with case node C2. To verify this
conclusion, experiments are also provided as follows.
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Fig. 17. Locations of temperature sensors.

B. Experimental Verification

For experiments, two different positions of measuring point
of case temperature are applied as shown in Fig. 17, T is set
right underneath the IGBT chip in red and T, is set several
millimeters away from the IGBT chip in blue. For each case
sensor, the corresponding heatsink temperature sensor, is close
enough in order to reduce errors caused by measurement and the
distance is shown in Fig. 11(b).

In the previous section, all the experiments are carried out by
measuring 7’1, so four additional experiments of different TIM
conditions are carried out by choosing 7. as the case temper-
ature. Similarly, by using the parameter extraction method of
by utilizing ATy, () proposed in our previous work in [29], the
LPF parameters under each case by selecting 7.2 can be obtained
and the comparison of two nodes are shown in Fig. 18 and the
corresponding parameters are listed in Table III. It is evident
that this proposed approach is applicable regardless of the case
node’s position that the change rates of f; in each condition of
two nodes are almost the same.

As a result, it can be concluded that the effectiveness of the
proposed approach does not depend on where the case node is
located. This means that users have a large amount of flexibility
in deciding where to place the case probe. From a different angle,
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Fig. 18. Comparison of two case nodes in experiments by Afj.

TABLE III
IDENTIFIED LPF PARAMETERS FOR DIFFERENT TIM CONDITIONS WITH TWO
CASE NODES IN EXPERIMENTS

. Case node Cl1 Case node C2
Condition 7 (H2) A, 7 (1) o
Healthy (100%) 0.3045 0 0.2472 0
Aged-1 (75%) 0.2211 -27.39% 0.1781 -27.95%
Aged-2 (51.67%) 0.0899 -70.48% 0.0717 =71.00%
_Aged-3 (30%) 0.0567 -81.38% 0.0485 —80.38%

it provides the possibility of setting just one case node to monitor
the health status of multiple chips. For instance, by positioning
the rotation center C2 of four chips in the same DCB section
as the case node, it is convenient to monitor the health status of
each chip.

V. LIMITATIONS AND DISCUSSIONS
A. Chip Solder Degradation

As a matter of fact, the accuracy of extracted LPF parameters
is highly dependent on the bandwidth of measurement. Take the
temperature sensors of T-type thermocouples for applied in this
article as an example, the response time of sensors is limited at
0.1 s, i.e., the recorded temperature data are invalid before 0.1 s,
corresponding to a cut-off frequency of 1.6 Hz. Then, the thermal
behavior over 1.6 Hz will be filtered out and only the accuracy
of critical frequencies below 1.6 Hz can be guaranteed. As a
result, it is difficult to detect high-frequency band degradation,
like chip solder degradation, by using the temperature sensors
of this article. However, this problem can be solved if advanced
measuring instrument with higher accuracy and faster response
time appear in the future.

B. Baseplate Solder Degradation

There are two solder joints in a power module: the Si chip
— DCB solder joint and the DCB — baseplate solder joint [31].
The previous sections studied chip solder degradation in depth,
whereas baseplate solder degradation is ignored. Similar to the
settings of simulating chip solder degradation, the baseplate
solder degradation is simulated by four conditions of 100%,
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baseplate solder layer.

31.76%, 15.87%, and 8.30% of original baseplate solder area,
respectively. The FEM results of frequency domain heat flow
behaviors can be thereby obtained and the bode plots of sensi-
tivity function for each aging case are depicted in Fig. 19. But
there are mainly two problems that worth mentioning: First,
the phase plot shows that the frequency band from 1072 to
10! Hz is influenced when baseplate solder degradation happens,
which is much wider than those of chip solder degradation and
TIM deterioration. Second, the heat flow spectrum is insensitive
to baseplate solder degradation that only small changes are
detected when the remained area of baseplate solder is very
small. For example, little influence can be detected when the
remained area of baseplate solder is reduced to 31.76% of origin.
As a result, the critical frequencies of LPF are supposed not
to change greatly when baseplate solder degradation happens,
and the variation of critical frequencies can even be ignored. A
possible reason could be that the area of the baseplate solder
layer is significantly larger than that of the chip solder layer.
Therefore, the diffusion process of heat transfer from the chip,
acting as a heat source, is less affected by the degradation of the
baseplate solder layer.

As aresult, it is still a difficult problem for detecting degrada-
tion of baseplate solder by the proposed method in this article,
and it requires further research.

VI. CONCLUSION

This article proposes a novel approach by studying the
frequency-domain heat flow spectrum for diagnosis of different
degradation mechanisms that occur in power modules. By mon-
itoring the LPF parameters, it is easy to identify the degradation
mode because the frequency-domain heat flow characteristics
will change in different frequency bands under different loca-
tions of degradation. Two degradation mechanisms have been
thoroughly investigated and it has been discovered that the high-
frequency band heat flow behaviors are influenced when solder
degradation happens while the low-frequency band heat flow
behaviors are significantly influenced when TIM deterioration
happens. Compared with existing methods, the main advantage
of the proposed method is that its sensitivity is independent

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 8, AUGUST 2023

on the position of case node, making it easy to implement
in practice. The proposed method has been validated by both
simulated and experimental results.
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