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With the continuous improvement of power density and integration level of power devices, the temperature
prediction of power devices becomes increasingly crucial for reliable operation and thermal management.
Existing thermal analysis methods cannot meet the needs of fast and accurate calculation of detailed temperature
fields. A novel three-dimensional fast prediction model of full temperature field for the Insulated Gate Bipolar
Transistor (IGBT) module is established based on the improved POD-Galerkin method. The reliability and per-
formance of the proposed model are assessed via the comparison with the finite volume method (FVM) on four
types of problems, including two steady-state problems with the first and third boundary conditions, respec-
tively, and two unsteady-state problems with a fixed and variable power loss of chips, respectively. The perfect
agreement between the results of the two methods confirms the accuracy of the proposed model, and the
comparison of the calculation time shows its ability to greatly reduce the computation effort. The proposed
model can obtain the detailed information on the whole temperature field of the IGBT module accurately in a
much shorter time, which is significant for temperature and thermal stress monitoring and the development of its
digital twinning technology.

1. Introduction

Insulated Gate Bipolar Transistor (IGBT) power module combines the
advantages of the metal-oxide-semiconductor field-effect transistor
(MOSFET) and the bipolar junction transistor (BJT), and has good per-
formance such as facile drive, low conduction loss and good switching
[1]. It has been widely used as a power device in wind power systems
[2], aircraft[3], electric vehicles[4,5] and many other industrial areas.
According to Reference[6], more than 30% of power electronic con-
version system failures are caused by the power device damage. It is
essential to ensure the reliable operation of the IGBT module. Particu-
larly, the operating environment of the IGBT module becomes harsher
and harsher with the continuous improvement of power density and
integration level. The high operating temperature and the thermal stress
greatly increase the failure probability of the IGBT module and moni-
toring the operating temperature of the IGBT module has been ranked as
the top concern.

Therefore, efficient and accurate temperature prediction methods
are of a significant necessity for the reliable operation of the IGBT
module. Currently, there are mainly three existing methods to obtain the
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temperature information of the IGBT module. The first method is the
direct measurement method, in which the operating temperature of the
IGBT module is directly measured with infrared cameras or optical fi-
bers. This method is straightforward and has been widely used by
scholars[7,8]. However, as mentioned in Reference[9], the power de-
vice needs to be removed during measurement in this method. Thus, it is
inconvenient to use this method during the normal operation of the IGBT
module. The second method is the electrical method, with which the
temperature-sensitive electrical parameters of the IGBT module are
measured to obtain the temperature information[10]. The electrical
method can reach a high precision, but the design of the measuring
circuits is complex. The third method is the computing method, which
obtains the operating temperature of the IGBT module by heat transfer
calculation, including numerical computation, analytical method and
thermal network model. Obtaining the temperature distribution in the
IGBT module is essentially a heat diffusion problem governed by the
heat conduction differential equation. It is very difficult to solve this
equation with complex boundary conditions directly by analytic
method, so numerical methods such as finite volume method (FVM) and
finite element method (FEM) have been widely used[11,12]. Although


mailto:wqtao@mail.xjtu.edu.cn
www.sciencedirect.com/science/journal/07351933
https://www.elsevier.com/locate/ichmt
https://doi.org/10.1016/j.icheatmasstransfer.2024.107241
https://doi.org/10.1016/j.icheatmasstransfer.2024.107241
https://doi.org/10.1016/j.icheatmasstransfer.2024.107241
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icheatmasstransfer.2024.107241&domain=pdf

X.-Y. Feng et al.

the numerical method has a high precision to simulate the thermal
behavior in the IGBT module, it requires a large amount of computa-
tional effort and is time-consuming. The thermal network model is
currently the main method used in the field of power devices design and
monitoring. In the thermal network model, the temperature of the IGBT
module is calculated by the thermal equivalent circuit, and presently
there are two models: Foster thermal network and Cauer thermal
network[5,9]. The computing time of the thermal network model can be
significantly reduced compared with the numerical simulation since the
model is simplified to one dimension. The parameters of the thermal
network model can be obtained by the heat spreading angle theory[12]
or numerical simulation[9]. However, the parameters of the thermal
network are not invariant but are affected by the boundary conditions
[13] and the heat coupling effect[14], leading to the low accuracy of the
thermal network model. In addition, the thermal network model can
only obtain the temperature information of the network nodes, and such
obtained node temperature is not the actual local value but some
average one.

With the development of digital twin technology and the need for
thermal stress calculation, only the temperature information obtained
by thermal network model is no longer sufficient. It is increasingly
necessary to develop a highly efficient method which can obtain detailed
information of the entire temperature field of the IGBT module quickly
and accurately. As early as 2001, Gerstenmaier and Wachutka[15] tried
to use eigenfunctions and eigenvalues to rapidly calculate the entire
temperature field. In their study, the temperature function is decom-
posed into the sum of a series of products of the eigenfunctions only
dependent on space and the eigenvalues only dependent on time. Trig-
onometric functions are used as eigenfunctions in the x and y directions,
and the eigenfunctions in the z direction are calculated by continuity
conditions and boundary conditions, which are cumbersome and com-
plex. Furthermore, a large number of eigenfunctions are required to get
the result with sufficient accuracy since each trigonometric function
only contains little energy of the system. In the past two decades, there
was little improvement on this issue. Until 2022, Li et al.[16] reported a
thermal twin model based on singular value decomposition to obtain
detailed temperature information on a press pack IGBT module to meet
the new requirements. However, in their study, only the effect of power
loss is considered, and the boundary conditions are fixed. Hence, an
efficient and practical fast prediction method of full temperature field
for the IGBT module with variable boundary conditions needs to be
developed.

In order to overcome the limitations of the existing methods, this
study develops a novel three-dimensional fast prediction model of full
temperature field for the IGBT module based on the proper orthogonal
decomposition (POD)-Galerkin projection method, which is performed
via a self-developed code based on Python (3.10 64-bit). To the best of
our knowledge, there is no commercial software that can directly
implement the POD-Galerkin method. The computation effort required
by the proposed model is reduced greatly compared with FVM, whilst
the full temperature field instead of only the temperature at some spe-
cific nodes can be solved. Using the proposed model, one can rapidly
obtain the detailed temperature information of the IGBT module with
different power loss and boundary conditions rapidly and accurately.
POD[17], also called principal component analysis (PCA) has been
widely used in the fields of statistics[18], signal analysis[19], and
visualization[20] etc., and it can find the main components of data to
reduce order of the problem. It has been extensively used in flow and
heat transfer fields[21-26]. In the area of electronic devices, POD is used
to predict the temperature information of semiconductor structures
[27,28], and to predict the temperature fields of electronic devices and
data centers by Joshi et al.[29-31]. The major idea of the POD-Galerkin
method for the prediction of the temperature field of a heat conduction
problem can be described as follows. POD is first used to obtain the basis
functions containing the main information of the system, and the spec-
tral coefficients of the corresponding basis functions are solved through
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Galerkin projection. Finally, the temperature field can be rapidly con-
structed by a linear combination of basis functions and corresponding
spectral coefficients[22]. This work for the first time extends the
improved POD-Galerkin method proposed in Reference[32] to the
temperature prediction of a there-dimensional multi-layer structure for
the IGBT module.

In the following, the fundamental of the POD-Galerkin method is
briefly introduced in Section 2, and a three-dimensional fast prediction
model of full temperature field for the IGBT module is established in
Section 3. In Section 4, the robustness and accuracy of the proposed
model are assessed via some cases with different power loss and
boundary conditions. Finally, some conclusions are drawn in Section 5.

2. Fundamentals of POD-Galerkin projection

The basic principle and the main steps of the POD-Galerkin method
are briefly introduced in this section, and the detailed description can be
referred to References[17,21-23,31,33]. The basic concept of this
method is to find a series of basis functions containing the main infor-
mation of the system based on the available information and then
project the problem (described by its governing equation and boundary
conditions) of interest onto these basis functions. POD is used to find
these basis functions, and the Galerkin projection is used to project the
governing equation and boundary conditions onto these basis functions
to solve the corresponding coefficients of these basis functions. And
finally, the physical field can be quickly constructed by a linear com-
bination of these basis functions and the corresponding coefficients
shown in Eq.(1).

F(t,x) =) a(0)d(x) €]

where ¢;(x) is the basis function, g;(t) is the corresponding coefficient,
and L is the number of the basis functions. For a system, POD only needs
to be implemented once in advance, and the Galerkin projection needs to
be executed individually for different boundary conditions to solve the
corresponding coefficients to satisfy the corresponding boundary con-
ditions.

2.1. Proper orthogonal decomposition (POD)

As indicated above, the proper orthogonal decomposition (POD) is
used to find the basis functions containing the main information of the
system, which means that the averaged projection of the physical field P
of the system on these basis functions is the largest, which can be
expressed as:

{(P,¢)]")

A @

(), ||, and (-) in Eq.(2) denote the mean value, modules and the inner
product of two functions, respectively. And |-||denotes the L?-norm,
which can be calculated by:

lpll = (¢, )" 3

The L?-norm of the basis function is always expected to equal 1 in
practice. So, Eq.(2) is a maximum problem with restricted conditions,
which can be solved by the Lagrange multiplier method expressed as:

Tl = (|(P.p)) = A(l#I* = 1) @

max

where 1 is the Lagrange multiplier. Setting the derivative of Eq.(4) equal
to 0, and the expression of ¢ making Eq.(4) maximum can be found.
After some deduction described in Reference[29], the basis function
¢(x) should satisfy:
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where (P(x,t)P(x,t)) is the average autocorrelation function of the
physical field and will be denoted later by K(x,x), and ¢(x) is the
eigenfunction which can be solved for multiple solutions form Eq.(5).
The eigenvalues {J; } represent the energy of the physical field projected
on the corresponding eigenfunction ¢;(x). The larger the corresponding
eigenvalue 4; of the eigenfunction ¢;(x), the more physical field infor-
mation it contains. Therefore, we can only select the first few basis
functions containing the most information of the physical field to
construct the result with the parameters we need, and the computing
effort can be reduced. The basis functions {q_’;j (x) } solved from Eq.(5)

satisfies orthogonality and its normalization can be expressed as:
_ L, i=j
(¢!/ ¢/) 5l\/ { 07 l' 751 (6)

However, a terrific amount of computational effort needs to be spent
for solving Eq.(5) directly. Fortunately, Sirovich[34] proposed a method
of snapshots to solve this problem. In the snapshots method, some
representative physical fields are obtained by experiments, numerical
simulation, or analytical methods, called snapshots. The average auto-
correlation function of the physical field can be obtained approximately
by the average autocorrelation function of the snapshots assuming the
number of snapshots being enough:

M
¥) = 57 Yo P )

where M is the number of the snapshots and is sufficiently large. And
then, we assume that the basis function can be expressed as a linear
combination of the snapshots:

M
b= zAkp(k) ®
k=1

where Ay is the coefficient of the k-th snapshot, which is remained to be
solved. Substituting Eq.(7) and Eq.(8) into Eq.(5), we can obtain:

CA=)A €)]

where A = (A1, -+ ,AM)T is the coefficients vector of the snapshots and
Cuxum is the matrix of the product of snapshots:

1 , 1 : :
Cut =3 (PO PX)) = W /Q PO (x)P®) (x)dQ (10)

The basis functions can be obtained by Eq.(8) after the coefficients
vectors {A(k) } are solved from Eq.(9), and we can select only the first

few of them containing the most information about the system to reduce
the computational effort in the following process.

2.2. Galerkin projection

After the basis functions are obtained by POD, the Galerkin projec-
tion is used to solve their corresponding coefficients to construct the
physical field of interest by Eq.(1). The most crucial notion of Galerkin
projection is to project the governing equation onto the basis functions
and solve it on them to obtain the corresponding coefficients. For the
thermal analysis of the IGBT module, the governing equation is the
transient heat conduction equation in three-dimensional space:

d(pc,T) 0 ( oT\ o (, 0T\ 0 [ oT
b _a(kg)—i-a(ka—y)—i-az(ka—)—h? an

where p, c,, k denote the density, the specific heat capacity and the

International Communications in Heat and Mass Transfer 152 (2024) 107241

thermal conductivity of the materials, respectively, and S is the heat
source in unit volume. Projecting this governing equation onto the basis
functions selected, assuming the thermophysical parameters are con-
stants, we can get:

oT
/pcp—qﬁde = /kVZTqS.dQ—O—/qu.dQ (12)
o ot o ! o
As mentioned earlier, the temperature field can be expressed as a

linear combination of the basis functions and corresponding coefficients,
called spectral coefficients and denoted by q;(t) like Eq.(13).

= > a0, (13)

Substituting Eq.(13) into Eq.(12), the transient term on the left of Eq.
(12) can be expressed as:

oT L da;
/ﬂ Per g $id9 = > . /Q pepbih;dQ 14)

i=1

The diffusion term (first term on the right) of Eq.(12) can be expressed as
Eq.(15) after deduction using Green's theorem.

) [ oT 94, o¢, 0¢ op; | 99; 0¢
/Q kV*ThdQ = ?gnk%(pjdr Z / ( R M S 0Z)d$2
15)

where the first term on the right side can be obtained by the boundary
conditions. After the deduction, it is obvious that only the spectral co-
efficients are unknown in Eq.(12) since the basis functions have been
obtained. There are M projection equations like Eq.(12) when M basis
functions are selected, and the number of the spectral coefficients is also
M. Thus, the spectral coefficients can be solved uniquely. The temper-
ature field can be constructed using Eq.(13) after the basis functions and
the corresponding spectral coefficients are obtained.

In this paper, FVM is used to obtain some representative temperature
fields as snapshots which are discrete numerical results rather than
continuous functions. The basis functions extracted from them are also
discrete. The spatial derivatives of the basis functions in Eq.(15) need to
be obtained from the discrete function values using numerical method,
which will introduce numerical errors. The introduced numerical errors
can accumulate over the computational domain, so most of the reported
POD-Galerkin methods cited above were applied to two-dimensional
problems and some three-dimensional applications found significant
deviations. The improved POD-Galerkin method proposed by the au-
thors in Reference[32] is adopted in this study, which reduces the de-
viations by ensuring the conservation in each control volume. The
biggest improvement of this improved method is to deduce the diffusion
term in Eq.(12) into the form shown in Eq.(16).

boud

/ KT = gr)"" Z a (¢ "= 4/"") (16)
Q f=1

where gy is the heat flux at the f-th interface; ¢J§"71) denotes the value of
the basis function ¢; on the first layer node inside the boundary, ¢;f71)

and @Wl) denote the basis function value on the node before and after
the interface respectively. The first term on the right side of the equation
contains information on all boundary heat flux, which can be obtained
from boundary conditions. More details are given in Appendix A. The
improved method can significantly improve the prediction accuracy,
especially when the number of grid nodes in the basis function is small.

In general, the number of the basis functions is far less than the
number of nodes in FVM. Once the basis functions are extracted, the
calculation time of the POD-Galerkin method is much less than that of
FVM. The whole process of implementing the POD-Galerkin method is
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(A series of representative temperature
fields are calculated by FVM as snapshots.

. J

o

(" Several basis functions containing the )
information of the system are extracted
\_ from the snapshots.

‘

(The governing equation and boundary h
conditions are projected onto the basis
L functions to solve the spectral coefficients.

o

(" The temperature field with the given )
boundary conditions can be quickly
L obtained by Eq (13).

Fig. 1. Process of the POD-Galerkin method.

shown in Fig. 1.

At the end of this section, two interesting points are worth noting.
First, the representative temperature fields (snapshots) used in the POD-
Galerkin method can be obtained not only by FVM, but also by FEM,
analytical methods, and experimental data. Second, the basis functions
extraction of the POD-Galerkin method is somewhat similar with the
data-driven methods. The major difference between them is the way to
obtain the weight coefficients of the basis functions: the data-driven
methods obtain the weight coefficients by interpolation or fitting,
while the POD-Galerkin method obtain the weight coefficients by solv-
ing Galerkin projection equations with physical meaning. In other
words, the POD-Galerkin method is based on physical equations while
data-driven methods are completely dependent on the given data.

3. Full temperature field rapid prediction model
3.1. Physical model

In this paper, a typical basic unit of the IGBT module, shown in Fig. 2,
is chosen to develop the full temperature field rapid prediction model.
An IGBT chip and a diode chip are soldered on a direct bonding copper
(DBC) board, which is soldered on the base plate. The thermophysical
parameters of materials in each module layer are shown in Table 1.

3.2. POD model

To extract the basis functions, some representative temperature
fields of the IGBT module are calculated as snapshots by FVM. The grid
independence of the FVM cases is verified and shown in Table 2 (the
grids number of 292,000 is adopted), so the results of FVM are

50

Chip 0.15 mm
30 ,_/ Chip solder 0.12 mm
Cu 0.3 mm
//—
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considered accurate. In these cases, the power loss of the IGBT chip is set
to 60 W /100 W / 140 W; the diode chip is set to 20 W / 40 W / 60 W; the
temperature at the bottom of the base plate is set to 20 °C / 40 °C / 60 °C.
Giving the boundary temperature is called the first type of boundary
conditions in heat transfer field. This boundary condition can be
considered as the case in which the convection heat transfer coefficient
at the bottom of the base plate is extremely large. The side and the top of
the module are adiabatic. The orthogonal design method for parameters
is adopted to catch the influence of these parameters with the least
snapshots. Table 3 shows ten optimal combinations of parameters ob-
tained by the orthogonal design. And then, the temperature fields with
these combinations of parameters are obtained by FVM, and are used as
snapshots to extract the basis functions through the POD method.

As mentioned in Section 2.1, we can keep only the first few basis
functions containing the most information about the system to reduce
the computational effort. Fig. 3 shows the cumulative energy of the
system contained in the basis functions. The first three basis functions
alone can contain more than 99.99% of the system's energy, which can
reconstruct the temperature field under given conditions with sufficient
accuracy.

The basis functions contain different information of the system. The
first three basis functions are shown in Fig. 4. As the basis function
distribution diagram shows, the first, second and third basis functions
describe the effects of base plate bottom temperature, the loss power of
the IGBT chip and the loss power of the diode chip, respectively. For an
arbitrary case with parameters in the range of the snapshot cases, the
temperature field can be obtained by Eq.(13) after the spectral co-
efficients of the basis functions are solved by projecting the boundary
conditions and governing equation onto the basis functions.

3.3. Calculation process of the POD-Galerkin model

In this work, the POD-Galerkin full temperature field rapid predic-
tion model is performed via a self-developed code based on Python (3.10
64-bit). In the model, the physical model and computation grid are the
same as those used in FVM. The calculation of FVM is also performed
using Python to compare the calculation time with the proposed model.
The establishment of geometric models and generation of structured
grids are implemented via Python code, where the cell centered scheme
described in Reference[11] is used and the physical properties of the
material are set at the nodes of the control volume.

The power loss and boundary conditions can be set to any value
within the coverage range of the snapshots (power loss of the IGBT chip:
60-140 W; power loss of the diode chip: 20-60 W; temperature at the
bottom of the base plate:20-60 °C). Once the basis functions and their
corresponding spectral coefficients are obtained, the physical field with
given conditions can be rapidly constructed using Eq.(13).

3.4. Cases to verify the model

Four types of cases are implemented to verify accuracy and feasi-
bility of the proposed POD-Galerkin model.
Type-A. Steady state, the temperature at the bottom of the base plate,

IGBT

40

1~ Solder 0.12 mm

L Ceramics 0.39 mm
Cu 0.3 mm

1

J
Diode .l & E—

DCB Base plate (Cu) 3mm

Base plate

(a) Top view

(b) Cross-sectional view

(c) Pictorial view

Fig. 2. Construction of the IGBT module.
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Table 1

Thermophysical properties of module materials.
Materials Si Solder Cu Ceramics
Density/(kg-m~>) 2329 7300 8960 3700
Specific heat capacity/(J- kg 'K™) 712 288 390 790
Thermal conductivity/(W-m~1.K™1) 134 57 398 24

Table 2

Grid independence verification for FVM.
Number of grids 73,000 292,000 2,336,000
Junction temperature/(°C) 107.42 111.45 111.34

Table 3
Parameter combinations of the snapshots.

Case  Power Loss of Power Loss of Temperature at the bottom of the

IGBT/(W) diode/(W) base plate/(°C)

1 60 20 20
2 100 40 20
3 140 60 20
4 60 40 40
5 100 20 40
6 140 20 40
7 60 60 60
8 100 20 60
9 140 40 60
10 100 60 40

100.00¢

99.95;

99.90¢
g 99.85
H99.80]

99.75¢

99.70;

99.65!

1 2 3 4 5 6 7 8

Number of basis functions

Fig. 3. Cumulative energy captured by basis functions.

the power loss on the IGBT chip and the power loss on the diode chip are
set as the operation conditions. The POD-Galerkin model building pro-
cess for this type of cases is described in detail in Section 3.2.

Type-B. Steady state, the effective heat transfer coefficient of the

@

Value1: 0.001760 0.001763 0.001766 0.001769 0.001772

(a) 1* basis function.

Value2: 0.002000 0.010000 0.018000 0.026000 0.034000

(b) 2™ basis function.
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base plate bottom and coolant temperature, the power loss on the IGBT
chip and the power loss on the diode within a variation range are set as
the operation conditions, which is closer to the actual working condi-
tion. In heat transfer field, giving coolant temperature and heat transfer
coefficient is called the third type of boundary conditions.

Type-C. Unsteady state, the thermal response process from an initial
temperature with the fixed power loss on the IGBT chip and diode chip is
considered, which simulates the starting process of IGBT modules.

Type-D. Unsteady state, the IGBT chip and diode chip operate
alternately, and the power loss on them varies in the form of trigono-
metric functions shown in Fig. 5.

These four type cases are summarized in Table 4.

4. Results and discussion

The four types of cases described in Section 3.4 are calculated using
the proposed POD-Galerkin model and FVM. The comparison results and
calculation times of the two methods are shown and discussed in this
section.

4.1. Results of Type-A cases

The calculation results are compared under the design and off-design
conditions. The design conditions refer to calculating the temperature
field with the parameters used in snapshots. While for the off-design
conditions, the parameters are set to any other values within the given
variation range.

Fig. 6 shows the temperature field obtained by the POD-Galerkin
method and the error compared with the result of FVM for Case 2 of
Table 3. The result of the proposed model agrees perfectly with that of
FVM. The maximum deviation from the FVM result is no more than 10-°
°C. However, the time consumption of the proposed model is only about
1/20 of that of FVM (Algebraic systems of equations are solved using the
ADI algorithm) using the same programming language (Python 3.10 64-
bit) and hardware facilities.

An off-design condition is tested to verify the universality of the
model. The temperature at the bottom of the base plate, the power loss
on the IGBT chip and the power loss on the diode chip are arbitrarily set
to 25 °C, 130 W and 45 W, respectively. As shown in Fig. 7, the error in
the off-design situation predicted by the proposed model is less than
107 °C, while it only used about 1,/20 of the computation time required
by FVM. To be more universal, three other off-design cases with arbi-
trary parameters are tested, the maximum deviations of them are shown
in Table 5, which are no more than 1.2 x 1076 °C.

4.2. Results of Type-B cases

The effective heat transfer coefficient of the base plate bottom and
the coolant temperature, the power loss on the IGBT chip and the power

=

Value3: 0.000000 0.010000 0.020000 0.030000 0.040000 0.050000

(c) 3" basis function.

Fig. 4. Basis functions.
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Table 4
Four types of cases.

Fig. 5. Power loss on chips.

loss on the diode are considered as variables in this type of cases. Similar
to the Type-A cases mentioned in Section 3.2, ten temperature fields
with the combinations of parameters designed orthogonally are calcu-
lated by FVM, which are used as snapshots to extract the basis functions.

Fig. 8 shows the results of the proposed model under one of the
design conditions and the deviation of the predicted temperature from
the FVM result. The figure shows that the difference between the result
of the proposed model and FVM is less than 0.0021 °C, while the
calculation time of the proposed model is only about 1/900 of that of
FVM.

Fig. 9 shows the temperature field calculated by the proposed model
for an off-design condition, in which the effective heat transfer coeffi-
cient of the base plate bottom, coolant temperature, the power loss on
the IGBT chip and the power loss on the diode are set randomly to 4600
W-m~2°C7!, 34 °C, 117 W, 63 W, respectively. The maximum error
between the results of the proposed method and FVM is still very small,
no more than 0.0008 °C. Table 6 shows the maximum deviations of the
whole field for the four cases with random condition parameters, where
the maximum deviation value does not exceed 0.003 °C, which shows an
excellent accuracy of the proposed model for this type of cases.

4.3. Results of Type-C cases

In this subsection, the results of the proposed model for unsteady-
state problems are presented. To ensure the applicability of the pro-
posed POD model for unsteady-state problem, the temperature fields at
different moments, including the initial state and steady state in two
processes of thermal response, are obtained by FVM and added to the
steady-state snapshots obtained in Type-A cases. The new basis func-
tions extracted in this way contain the unsteady-state information, thus,
they can be applied to solving the unsteady-state problems, of which the
first 13 basis functions are retained. In these two cases used to obtain

—_— P . Cases State Boundary condition on the bottom Power loss of
loss_diode of the module chips

Type Steady state First type Fixed
A

Type Steady state Third type Fixed
B

Type Unsteady First type Fixed
C state

Type Unsteady First type Sinusoidal half
D state wave

Table 5

Maximum deviations of the whole field under the off-design conditions. (Type-
A).

Conditions Maximum deviation
of the whole field/
Power Loss Power Loss Temperature at the )
of IGBT/(W) of diode/(W)  bottom of the base plate/
(9]
130 45 25 8.67 x 1077
136 42 27 1.08 x 10°°
113 46 33 9.26 x 1077
124 65 45 1.11 x 10°°
Table 6

Maximum deviations of the whole field under the off-design conditions. (Type-
B).

Conditions Maximum

) deviation of the
Power Power Coolant Effective heat .

whole field/

Loss of Loss of temperature/ transfer ¢
IGBT/ diode/ Q) coefficient/
w) w) (Wm2.°Cc™h)
117 63 34 4600 0.00075
121 42 38 5200 0.00233
106 38 40 6400 0.00122
128 50 32 4500 0.00196

snapshots, the temperature at the bottom of base plate, the power loss on
the diode chip and the power loss on the IGBT chip are set to 20, 30 °C,
30, 50 W and 100, 80 W, respectively, and the same parameters are set to
verify the accuracy of the proposed model under the design conditions.

Fig. 10 shows the temperature distribution calculated by the pro-
posed model at different moments under the design conditions. The
deviation of the temperature field calculated by the proposed model
from the FVM is less than 0.012 °C. The junction temperatures on the
IGBT chip and diode chip are mostly concerned in engineering, which
are shown in Fig. 11. Compared with the FVM result, the maximum
deviations of the junction temperatures on the IGBT chip and diode chip

TEMP: 2224 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 °C

Error: -6E-07 -4E-07 -2E-07 O

(©

2E-07 4E-07 6E-07 °C

Fig. 6. POD-Galerkin method result and error compared with FVM. (a) ISO view; (b) Cross-sectional view;(c) Deviation from FVM result. (Type-A, under the

design condition).
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Table 7
Comparison of results.

Cases Maximum deviation (°C) Calculation time (s)
Design Off-design FVM Proposed
conditions conditions model
Type- 6x 107 1.11x 107 403.2 17.1
A

Type-B  0.0021 0.0023 11,2435 12.0

Type- 0.031 0.06 27,288.6  61.3
C

Type- 0.0029 0.006 25,312.1  57.5
D

in 1600 moments within a 0.8 s period are 0.025 °C and 0.031 °C
respectively.

One off-design conditions is also tested, for which an arbitrary
combination of parameters (Temperature at the bottom of base plate:

(@)

Fig. 7. POD-Galerkin method result and error compared with FVM. (a) ISO view; (b) Cross-sectional view;(c) Deviation from FVM result (Type-A, under the off-

design condition).

(a)

Fig. 8. POD-Galerkin method result and error compared with FVM. (a) ISO view; (b) Cross-sectional view;(c) Deviation from FVM result. (Type-B, under the

design condition).

(a)
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36 °C, Power loss on IGBT chip: 115 W, Power loss on diode chip: 65 W)
is selected. The comparison results are shown in Fig. 12. The results of
the proposed model agree with the result of FVM very well, with the
maximum deviations of junction temperatures on the IGBT chip and
diode chip being 0.028 °C and 0.020 °C respectively. Similarly, the
proposed model has a benefit in computing time. For a transient problem
with a duration of 0.8 s, the calculation time of the proposed model is
only 1/440 of the time required by FVM. Two additional cases with
random parameters are tested to verify the reliability of the propose
model and the deviations of the junction temperature from FVM results
of them are illustrated in Fig. 13. The maximum deviation is no more
than 0.06 °C, which further proves the accuracy of the proposed model.

4.4. Results of Type-D cases

In the actual application of the IGBT module in the inverter, the
power loss on the IGBT chip and diode chip is intermittent, as shown in

TEMP: 27293133 3537 3941434547 4951535557 °C

(b)

Error: -8E-07 -5E-07 -2E-07 1E-07 4E-07 7E-07 °C

(©

TEMP: 4044 485256 6064 687276808488 °C

(b)

Error: -0.0021 -0.002 -0.0019 -0.0018 -0.0017°C

(©)

|

TEMP: 55 61 67 73 79 85 91 97 103 109 115 °C

o
=]

] |
Error: -0.0004 -0.0003 -0.0002 -0.0001 0 0.0001 °C

(©

Fig. 9. POD-Galerkin method result and error compared with FVM. (a) ISO view; (b) Cross-sectional view;(c) Deviation from FVM result. (Type-B, under the off-

design condition).

N
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Y 0.01s

Fig. 10. Temperature distribution (left) and error (right) on the cross section.
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Fig. 12. Junction temperature on chips. (Type-C. Under the off-
design conditions).

Fig. 5. The performance of the proposed model under this condition with
variable loss power is assessed in this subsection. In this type of cases, we
set the power loss curve as a sinusoidal half wave, expressed as:
PO,DiodeSin(16”t)1 PDimIe Z 0
PDiode =
07 PDiode < 0
an
Po_igersin(16zt + ), Piger >0
Piger =
0, Piggr <0

First, we set Py_piode and Py_jgpr to be 60 W and 100 W, respectively, and
set the temperature of the bottom of the base plate to 20 °C. FVM is used
to obtain the temperature field within 0.8 s as snapshots. Fifteen basis
functions are obtained based on these snapshots.

Fig. 14 shows the comparison between the result of the proposed
model and that of FVM under this design condition. The agreement
between them is so good that the two junction temperature response
curves are almost coincided each other. This further confirms the ac-
curacy of the proposed model. And then, the accuracy of the proposed
model under one off-design condition is tested. We set Py_piode, Po_iGaT
and the temperature at the base plate bottom to 75 W, 135 W and 50 °C,
respectively. The results of the junction temperature response are
compared with the FVM results, shown in Fig. 15. The maximum de-
viations of the junction temperatures on the IGBT chip and the diode
chip are only 0.0033 °C and 0.005 °C respectively, while the calculation
time required for the proposed model is only 1/440 of FVM. Fig. 16
shows the deviations of the junction temperature for three random cases
of Type-D in the 0.8 s period, and none of them exceed 0.006 °C showing
the reliability of the proposed POD-Galerkin model for this type cases.

The saving of calculation times and prediction accuracy by the pro-
posed POD-Galerkin model are summarized in Table 7. For Type-A
cases, the maximum deviation of the results of the proposed model
from FVM results is no more than 1.2 x 107® °C even under the off-
design conditions, while it takes only about 1/20 of the calculation
time of FVM. For Type-B cases, the maximum deviation of the proposed
model for the four tested cases under the off-design conditions is no
more than 0.003 °C, and the calculation time required is only about 1/
900 of FVM. For the transient cases Type-C and Type-D, the deviations of
the junction temperature calculated by the proposed model in the whole
test period can be limited to 0.06 °C and 0.006 °C respectively even
under the off-design conditions, while the calculation time required is
only about 1/440 of FVM.

Finally, it is to be noted that in this work the major purpose is to show
the small computational effort of the proposed model compared with
conventional numerical models by FVM. No direct comparison with test
data is presented. However, the reliability of numerical models in
calculating the temperature field of the IGBT module has been demon-
strated experimentally in several related studies such as References
[5,35]. The proposed model has been compared with FVM in this work
and only very small deviations have been found, which indirectly proves
the reliability of the proposed model to some degree.

5. Conclusion

In this paper, a novel three-dimensional fast prediction model of
IGBT module for full temperature field based on POD-Galerkin
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Fig. 16. Deviations of the junction temperature (Type-D).

projection method was established. A conservative numerical method
was adopted to improve the accuracy of the model. Both accuracy and
efficiency in computation are achieved. The proposed model can quickly
predict the full temperature field of the IGBT module, the computing
time of which is far less than that of FVM. To verify the reliability of the
proposed model, four types of cases, including steady-state and
unsteady-state, the first and third type of boundary conditions, fixed loss
power and variable loss power, were calculated by both the proposed
model and FVM. The results indicate that the proposed model can reach
almost the same accuracy as FVM with much less time consumption. The
calculation time required by solving the steady-state temperature field
with the first type of boundary conditions can be reduced by one or two
orders of magnitude using the proposed model compared with FVM. For
the unsteady-state problems and the problems with the third type of
boundary conditions, the advantages of the proposed model in reducing
computing effort are more evident. The computation time can be
reduced by two or three orders of magnitude compared with FVM. The
proposed model is the first practical rapid prediction model of the 3-D
temperature field for the IGBT module dealing with different types of
boundary conditions, which is of great significance for real-time pre-
diction of the temperature and thermal stress details. It provides a rapid
physical simulation algorithm for the development of its digital twin-
ning technology.

Nomenclature

Variables

a Spectral coefficient

cp Specific heat capacity, J-kg™* -K~!
F Physical field

J Function

K Average autocorrelation function
k Thermal conductivity, W-m ™ 1.K~!
P Power, W

S Heat source, W.m™3

Appendix A. Details of the POD-Galerkin model implementation

A.1. Snapshots generation and organization

T Temperature, °C

t Time, s

x Position vector, m
Greek symbols

5 Kronecker operator
A Eigenvalue

¢ Basis function

P Density, kg-m™>
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As described in Section 3.2, some representative physical fields are obtained by FVM and used as snapshots, which can be represented as:
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W = [T\, 15, s, ... Ty, ., T]" (A1)

where k denotes the snapshot number, and n is the node number in the temperature field. All snapshots designed need to be obtained by FVM:

o oY o

1) 2 3 (M-1 (M

ORI SR R (S S

o @ e M-1) )

H = [T“) ,T(Z) , 73 - TM) } — T3 T3 T; v T3 T; (A.2)

( 2) 3) M—1 (M)

TN—)I TZ(V—I TA(H TI(V—I : TyZ

T[(Vn T,(f) T/E/3> N T[(VM—I) TI(VM)

All condition parameters of the snapshots used in this study are given in supplementary data.
A.2. POD

Matrix C can be constructed after generating the snapshots, as described in Section 2.1:

1 : 1 ¢ ,
= [ TO@ TP (x)dQ =~ Y TWT®AQ, A.
Cex 1‘/1/Q ()T (x)d M ; n Ln (a.3)
T
The coefficients vectors A% = (Agk) e, A > and the eigenvalues 4 can be solved by:
CA=JA (A.4)

And then the basis functions can be obtained by:

¢.=H XA(’()/\/Z (A.5)

A.3. Galerkin projection

The projection equation for continuous basis functions has been given in Section 2.2. The implementation of Galerkin projection for discrete basis
functions extracted from FVM results is introduced here. For the transient term:

or L da. L N L N
/Q/)Cpa(p/dg = Z di /Q[)C,,(b[(ﬁjdg = l/AtZa[ chl)¢[¢jA‘Qn -1 AIZaEOJ chﬂ¢i¢jAQn (A.6)
i n=1 i=1 n=1

i=1 i=1

For the diffusion term:

/ kV*T¢h,dQ A7)
Q

We adopt a conservative method similar to FVM to project this item. First, we consider a control volume which satisfies the conservation of energy
shown in Fig. A.1(a).

(9w —Ge + 45 — 4a);(P) (A.8)

Summing all the control volumes and offsetting the heat fluxes with the opposite direction, we can obtain:
boud . int . .
[10Ta0=3 a0~ > a0 -0") .9
Q f=1 f=1

After the above derivation, the diffusion term can be expressed as two terms. The first term is the sum of the product of the heat flux at all boundary
interfaces and the basis function value on the corresponding internal first layer nodes. And the second term is the sum of the product of the heat flux at
all internal interface and the difference between the basis function values on nodes before and after the interface. The location of the interface and
nodes is shown in Fig. A.1(b).

11
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The first layer node inside the boundary
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T

(a)

(b)

Fig. A.1. Schematic diagram of calculation domain. (a) Conservation of energy in a control volume; (b) Location of the interface and nodes.

The heat flux at the interface can be expressed as:

)
d Ady

L

AAf = Z a,-k
i=1

TE=1 _ 70+

d

_ ¢(f+1)

qr =

Finally, the diffusion term is expressed as:

boud ) L in o s ¢_(ffl) _ ¢(f+1)
L KWTgd =Y gd ™ =3 E(gaj — ¢ )k%AAfa,-
= =1 f=1

For the source term:

N
/ SpdQ = S, pAQ,
Q n=1

(A.10)

(A11)

(A.12)

Substituting Eq. (A.6), Eq. (A.11), Eq. (A.12) into Eq. (12), we can obtain an algebraic system of equations from which the spectral coefficients can be

solved.

A.4. Temperature field construction

The temperature field can be constructed rapidly by Eq. (13) after all spectral coefficients are solved.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.icheatmasstransfer.2024.107241.
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