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Dynamic Mode Decomposition Based
Reduced-Order Temperature Field
Prediction Method for IGBT Module

Jiahao Geng ', Fujin Deng
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Abstract—Detailed temperature field distribution of high-power
insulated gate bipolar transistor (IGBT) modules is essential in-
formation for reliability analysis and thermal design of power
electronic systems. This article proposes a dynamic mode decom-
position (DMD) based reduced-order temperature field prediction
method for IGBT module. The IGBT temperature field (ITF)
snapshot data obtained from finite element method simulation are
decomposed to obtain the dynamic modes. And then, the dominant
modes among dynamic modes are chosen to establish a reduced-
order model, which can quickly predict the ITF. The proposed
DMD based RTFP method only requires a small number of sample
snapshots to capture the dynamic modes of ITF and selects a small
number of dominant modes to predict the ITF, and accordingly it
improves the computational efficiency and reduces the disk space
occupation. In addition, it does not require complex mathemati-
cal models and can obtain detailed ITF distribution. Finally, the
accuracy of the proposed method is verified by simulation and
experiment.

Index Terms—Dynamic mode decomposition (DMD), finite
element method (FEM), insulate-gate bipolar transistor (IGBT),
temperature field prediction.

I. INTRODUCTION

NSULATED gate bipolar transistor (IGBT), known for its
I simple drive control, high conduction current, and low con-
duction voltage, has become a core component of power convert-
ers [1], [2], [3], [4]. However, the failure of the IGBT can lead
to power interruptions and unexpected shutdowns, resulting in
serious economic consequences [5]. The IGBT temperature field
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(ITF) directly affects its performance, operational safety, and
long-term reliability. Particularly, common failure mechanisms,
such as bond wire lift-off and solder layer fatigue, are closely
related to the ITF [6]. Therefore, accurate prediction of the
ITF is crucial for improving reliability prediction and health
management.

To predict the ITF, three typical methods are used: mea-
surement methods, thermal network models, and numerical
methods. Measurement methods directly obtain the ITF through
experiments, mainly including thermal sensor methods and
infrared methods. The thermal sensor method relies on the
temperature change characteristics of thermosensitive elements
for measurement but requires full contact with the surface of
the semiconductor chip [7]. In contrast, infrared methods use
infrared temperature measuring devices to measure the junction
temperature of the IGBT module without needing to contact
the semiconductor chip, thus providing the temperature distri-
bution of the entire chip surface. However, the thermal sensor
methods may introduce additional thermal impedance, while
infrared methods require opening the IGBT package, potentially
damaging the device or affecting its performance [8]. Moreover,
these direct measurement methods are invasive, inefficient, and
challenging for data collection [9].

Thermal network models are easy to implement in circuit
simulation software, offering relatively fast simulation speeds
[10]. These models include Foster and Cauer models [11],
typically represented by RC networks with thermal resistances
and capacitances. The Foster thermal network model is a fitting
model primarily used to calculate the temperature difference
between the measurement point and a reference point, from
which the measurement point’s temperature is inferred. The
Cauer thermal network model is based on the actual physical
structure of power devices and simulates the thermal resistance
of each layer of the power device material using a set of thermal
capacitances and resistances, allowing for the calculation of the
temperature of each layer. These thermal network models, due to
their low complexity, can be applied in real time. However, these
models do not consider factors such as thermal cross-coupling
effects between chips and require re-modeling when boundary
conditions change [12], [13]. Three-dimensional (3-D) thermal
network models calculate junction temperature by summing the
outputs of multiple Foster or Cauer models, with each model
used to simulate the thermal cross-coupling effects of multiple
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semiconductor chips within the device [10], [11], [12], [13],
[14]. However, 3-D thermal network models require multiple
Foster or Cauer models to manually fit finite element simula-
tion step response data, and the order of the generated model
increases with the number of inputs and outputs.

Numerical methods are widely used to solve thermodynamic
problems with complex geometries and boundary conditions,
including the finite element method (FEM), finite difference
method, and finite volume method. These methods handle strong
thermal coupling effects in IGBT modules, providing high-
precision temperature predictions [15]. Additionally, numerical
methods can offer detailed internal temperature information of
the module, which is crucial for analyzing IGBT module failure
mechanisms. For example, reference [16] uses FEM to study
the temperature response of chips under different solder layer
degradation conditions, while reference [17] uses FEM to study
temperature fluctuations at bond wire contacts. Furthermore,
numerical methods are applied in the packaging and thermal
design of IGBT modules to reduce experimental trials and lower
costs [18], [19]. However, numerical models represented by
FEM require solving tens of thousands or even millions of
node equations, usually taking hours or even tens of hours of
computation time, which limits their applicability.

To address the computational burden faced by FEM, this
article proposes a dynamic mode decomposition (DMD) based
reduced-order temperature field prediction (RTFP) method for
IGBT modules. The ITF snapshot data from FEM simulation
is decomposed to extract the dominant dynamic modes of ITF.
Finally, the dominant modes are used to predict the ITF with a
deficient error level. The primary contributions of the proposed
method include the following.

1) The proposed method has almost the same prediction accuracy
as FEM.

2) The proposed method significantly shortens the computation
time of FEM and reduces the disk space for data storage.

3) The proposed method does not require the construction of
complex mathematical models and has clear physical impli-
cations.

4) The proposed method can obtain the prediction of the entire
ITF distribution, not just the junction temperature.

In conclusion, the proposed method can greatly improve the
simulation efficiency for researchers.

The rest of this article is organized as follows. Section II
describes the structure of the IGBT module. Section III proposes
the DMD based RTFP method for the IGBT module. Section IV
discusses the proposed method. Section V presents the experi-
ment results. Finally, Section VI concludes this article.

II. IGBT MODULE INTERNAL STRUCTURE

This article uses a commercial IGBT module FF300R 12ME4
as a sample, rated at 1200 V and 300 A. Fig. 1 shows its
physical structure. The module is a half-bridge comprising the
upper arm and the lower arm. The upper arm contains three
IGBT chips Q1-Q3 and three diode chips D1-D3 connected
in parallel. The lower arm contains three IGBT chips Q4-Q6
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Fig. 1. Physical structure and circuit schematic of FF300R12ME4. (a) Phys-
ical structure. (b) Circuit schematic.
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Fig. 2. Cross-sectional view of FF300R12ME4 with heat sink.

and three diode chips D4-D6 connected in parallel. Fig. 2
shows the cross-sectional of the IGBT module FF300R 12MEA4.
The IGBT module packages are vertically layered structures
composed of chip, chip solder, direct bond copper (DBC, which
is composed of top copper, ceramic, bottom copper), baseplate
solder, and baseplate components. The DBC provides excellent
thermal conductivity. In practical applications, the module is
mechanically fixed on the heat sink to enhance heat dissipation
efficiency.

III. PROPOSED DMD BASED REDUCED-ORDER TEMPERATURE
FIELD PREDICTION METHOD

The DMD is widely used for modes extraction of data in fluid
dynamics, disease modeling, and finance due to its computa-
tional efficiency and excellent modes decomposition capability
[20]. In this article, the DMD is adopted to capture the ITF
dynamic modes, and a DMD-based RTFP method is proposed
for IGBT module, as shown in Fig. 3, which includes Stage-1
(ITF data matrix capture), Stage-2 (ITF modes decomposition),
and Stage-3 (ITF prediction). First, the temperature data matrix
(TDM) is captured based on the ITF snapshots obtained from the
FEM simulation. Second, the ITF dynamic modes are obtained
based on the decomposition of the TDM. Third, the ITF predic-
tion is obtained based on the dominant ITF dynamic modes.

A. Stage-1: ITF Data Matrix Capture

The ITF data are obtained based on the FEM simulation due
to its realistic physical modeling and consideration of thermal
coupling effects [4]. First, the dimensions of the components of
the IGBT module (including the substrate, DBC, chips, etc.) and
the heat sink are obtained from the manufacturer. Based on the
obtained dimension information, a finite element model of the
IGBT module FF300R12ME4 with heat sink is constructed in
ANSYS, as shown in Fig. 4, ignoring geometrical structures that
are not in the dissipation path. The detailed modeling process
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Fig. 3. Proposed RTFP method.
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Fig. 4.  Finite element model in ANSYS. (a) CAD model of FF300R12ME4
with heat sink. (b) 3-D meshing diagram of the FF300R12ME4.

TABLE I
MAJOR MATERIAL OF THE IGBT MODULE

. p K Cp

Layers Materials (ke/m®) (wWi(m°C)) (U/(ke/°C))
Chip Si 2330 148 712
Solder SnAgCu 7430 64 220
DBC copper Cu 8993 400 385
Ceramic AL203 3800 27 776
Baseplate Cu 8993 400 385

can be referred to reference [4]. The heat sink uses forced air
cooling with an airflow rate of V,;; m/s. The FEM simulation
is set up for fluid-structure coupling. Table I shows the material
parameters of the IGBT model FF300R12ME4. In Table I, p is
the material density, K is the material thermal conductivity, C,
is the material specific heat capacity. Here, the

IGBT model is meshed into m grid points based on the
principle that thinner parts are meshing with finer elements [21],
and the kth grid point is named as Gy.

In the FEM simulation, the chip (Q1-Q6, D1-D6) regions of
the IGBT model are set as heat sources, and the power losses
of the chips are loaded into the heat sources. To simplify the
analysis, the power losses between parallel chips (for example,
Q1-Q3) are considered to be evenly distributed, and the power
loss P, of chip x (x = Q1-Q6, D1-D6) can be expressed as
follows:

P"ppero o =Q1,Q2,Qs
Q4,Qs5, Qs
p;)erD,l‘ = Dl,Dg,Dg
%ax = D47D57D6

Howcr Llower_Q x

P,=1{ 753 (1)

Stage-2
ITF Dynamic Modes Decomposition

Mode decomposition
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Stage-3
ITF Precdiction

Dominant mode selection

I :

Prediction output

T
T2 :

Mode

Sort by E;
Prediction by (25)

where Pperq 1s the total power loss of the three chips Q1-Q3,
Piowerq 1s the total power loss of the three chips Q4-Q6,
PypperD 1s the total power loss of the three chips D1-D3,
PlowerD 18 the total power loss of the three chips D4-D6. In
ANSYS, the power loss P, is loaded into each chip in the form
of internal heat generation rate Hg (W-mm™?), which can be
expressed as follows:

@)

where V, represents the volume of the chip x. Based on Hg,
the temperature T'(y) at Gy, of the IGBT can be obtained by the
following [22]:

ot

- V- (KVT(k)) + He
pCyp

3

where ¢ is the simulation time, and V is the gradient operator.

Normally, power cycling tests are conducted with a single
switch consisting of chips connected in parallel [23]. Here, the
lower switch in the IGBT module FF300R 12ME4 consisting of
Q4-Q6is used as an example for ITF prediction. To simplify the
actual transient power loss of the IGBT module in the inverter,
an equivalent power loss curve is proposed to replace it [24],
which is a sinusoidal half wave as

P {Ppeak -sin(2mw fpt) P> 0

0 P, <0 “)

where P, is the amplitude, and f;, is the equivalent frequency.

Based on (1)—(4) and Table I, the ITF transient results, with
Ppear = 200 W and f,, = 50 Hz as an example, can be obtained
by FEM simulation. Based on the obtained ITF transient results
with the FEM simulation, the IGBT temperature data of m grid
points are sampled with the sampling interval of At, as shown
in Fig. 5. At the ith sampling instant, the ith sample snapshot T';
can be obtained as follows:

Ti(n)

T2

T, = &)

Ti(m)
where T’ 1) is the temperature data of the grid point G, (1<k<m)

at the ith sampling instant. The n+1 snapshots T1~T (1) are
sampled with sampling range S; = (n+1)At, to form the TDM
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Fig. 5. ITF sampling snapshot.
T as follows:
T = [T\ToTs... Ti... Toyil. 6)

B. Stage-2: ITF Dynamic Mode Decomposition

The DMD is a commonly used method to extract features
of linear dynamic systems from sampling snapshots [20]. In
this article, the DMD can be used to extract features of the ITF
evolution process by sampling TDM T. This is because the ITF
evolution process can be regarded as a linear dynamic system
when material parameter variations are disregarded. The output
of the DMD is a set of dynamic modes that represent the features
of the ITF evolution, which can be used subsequently for the ITF
prediction.

With the DMD [25], TDM T is divided into two time-shifted
TDMs T, andT'g as

T, =[T,...
Ty =T, ...

7Tia"'aTn] (7)
yTiv1 .oy, Tl )

and there exists a best-fit dynamic matrix A that can map T, to
T, which can be expressed as follows:

Ts = AT, 9
with
T4, = AT, (10)

and the dynamic matrix A in (10) can be decomposed into
superposition of 7 (1< r < n) order of ITF dynamic mode ®,-®,.
as follows:

A:Z,\j@jqﬁ an
j=1
where @, is the generalized inverse of ®; (j =1, ..., 1), A; is

the coefficient of the mode ®;. The mode ®; is associated with
a specific frequency f; as
log(Im(a,))/At
fi= 27 '
According to the DMD [25], when the number n+1 of sample
snapshots is sufficiently large, the modes ®;—®, can capture
the main trends in the ITF evolution and be used for short-term
ITF prediction. Based on (7)—-(11), the decomposition process
of dynamic modes ®,—®.. for the A is shown in Fig. 6, which
includes the following Steps 1-5.

12)
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Fig. 6. Dynamic modes decomposition steps.

Step 1: To avoid dealing with the large-size matrix, singular
value decomposition (SVD) is applied for TDM T, as fol-
lows:

T,=UZV . (13)

Here, U€C™*" and VEC"*" are singular vector matrices that
store the temporal and spatial modes of the ITF, respectively,
and x is the conjugate transpose. X €C"*" is the singular value
diagonal matrix, as

Y =diaglo10g...0;...0,)(01>02> ... >0,) (14)

where o, is the singular value and represents the strength of the
corresponding ITF temporal-spatial modes. To improve com-
putational speed and capture the main ITF temporal-spatial
dynamic modes, the r (1< r < n) largest singular values and
the corresponding singular vectors are truncated. Then, TDM
T, can be decomposed in low-dimension by truncated SVD,
which can be expressed as follows:

~ ~ ~ K

T,~UXV (15)

where [} ecmx=r, ‘N/E(C””, and Y €C"*" are truncated matrix
by U, V,and ).

Step 2: According to (9) and (15), the dynamic matrixA can be
obtained as follows:

~ ~—1l~*

A=T;, VX U. (16)

Step 3: The dynamic matrix A in (16) is projected onto INJ to

obtain a similar low-dimension matrix A as

~ %

A=U AU=U T;VYE. (17)

Step 4: According to the similarity property of matrices, the

dynamic matrix A and A have the same coefficient matrix A.
Based on (17), the coefficient matrix A of dynamic matrix A



15122

D D, D D D.

s T Y i
[

(-_{'1 Dy Dy Dy - Dqy D)

({z Dy Dy Dy )-12) Dy

O De | P | Po Dy | Py

(--T'IH ¢1 m) djl_(ﬂ) ¢3(m) o ¢r\-l(m) ¢r(m)

, — . :

Frequency ‘ A l S l 5 l o l e l I l
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can be obtained by spectral decomposition of Z as follows:
A=W AW

where W is the eigenvector matrix of A.

Step 5: Based on (16) and (18), the modes matrix & €C"*" of
the dynamic matrixA can be obtained as follows:

~ ~—1

=Tz VS W

=[®P;...9;...9,] (19)
with
®;)
P
P, = J(2) (20)
q)j(m)

Based on Steps 1-5, Fig. 7 shows the dynamic matrix A is
decomposed into » number of modes ®;—®,, and the mode ®;
(G =1, ..., r) represents the temperature distribution over the
grid points G1—G,, at a specific frequency f;.

C. Stage-3: ITF Prediction

Normally, only a few modes dominate the ITF dynamic sys-
tem among the modes ®;—®,.. To improve computational effi-
ciency, the dominant dynamic modes among ®,—®,. are selected
to build reduced-order model for ITF prediction. This selection
is based on mode energy, which represents the contribution of
mode ®; to the ITF dynamic system. Fig. 8 shows the selection
of dominant modes among ®,—®, and the ITF prediction by
dominant modes, which includes the following Steps 1-3.

Stepl: The energy Ejof mode ®; can be calculated by the
following [25]:

E; =||®,||% Q1)

where ||-|| 7 is the Frobenius paradigm. Based on (12) and (21),
Fig. 9 shows the spectrum of modes ®,—®,, taking the power
loss in (4) with Ppea = 200 W and f;, = 50 Hz as an example. It
can be seen that the 0 Hz mode and 50 Hz mode dominate the ITF
dynamic system, and their energies are hundreds of times that
of other modes. Here, the 0 Hz mode represents the stabilized
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Fig. 9. (a) E; corresponds to various fj. (b) Zoom in the black box area.

mode of the ITF and the 50 Hz mode represents the periodic
oscillation mode of the ITF.

Step 2: The modes @1, ®,, ... P, are sorted by Ej;, and the top
k (1< k < r) order of modes ® 41, ® 42, ... Py are selected
as dominant modes to build reduced-order model as follows:

By = [®n®s... Bay. (22)

The ratio 0, which is the sum of the top k order of dominant
modes’ energies to the sum of all » order of modes’ energies,
can be expressed as follows:

Zkﬂ Eq
=" (1<k<r) (23)
Zj:l Ej
with
Eg = ||®g||%- (24)

From (23), it can be observed that the larger k is, the larger 0
is.

Step 3: The k order of dominant modes ® ;;—® 4 store the main
evolution information of ITF, which can be used to predict the
evolution trend of ITF beyond the sampling range S;. Based
on (10), (11) and dominate modes ® ;;—® 4, T+ can be
obtained from T, as shown in Fig. 10, and the prediction
snapshot at the ith (n+2<i<m) instant can be obtained by
recursion. Thus, the ith ITF prediction snapshot can be calcu-
lated as follows:

k
Ti = Z)\«g;-il)q’djédj-‘rTla (n =+ 2 S 7 S m) (25)
J=1



GENG et al.: DYNAMIC MODE DECOMPOSITION BASED REDUCED-ORDER TEMPERATURE FIELD

Sample snapshot Prediction snapshot
A

T il ) -l Tn
k k
L300l ] 2 /42,2 i
J=1 J=
Fig. 10.  ITF prediction principle.
5
g
T2 s 4 s 6 1 s 9 10 1112
Dominant modes numer
Fig. 11. Logarithm of energy for the first 12 orders of dominant modes.

IV. DISCUSSION OF THE PROPOSED METHOD

The accuracy and computational efficiency of the proposed
DMD based RTFP method are discussed in this section. The
proposed method is compared with the FEM simulation. The
simulation step is set as 0.001 s. The equivalent power loss in
(4) with Ppcac = 200 W and f;, = 50 Hz is applied to the FEM
simulation. The heat transfer coefficient is used to represent the
cooling condition. The relative root mean square error (RRMSE)
is used to evaluate the error between the FEM simulation and
the proposed method, which is calculated as follows:

|| TFEM _ TDMD H%
| Trn 13

where Tpyip is the ITF snapshot obtained from the proposed
method, Trgy is the ITF snapshot obtained from FEM simula-
tion. |||| is the 2-Norm of the matrix. The smaller the RRMSE,
the higher the prediction accuracy of the proposed method, and
vice versa.

RRMSE =

(26)

A. Selection of At and Sy

According to the sampling theorem [26], the smaller the
sampling interval Az, the larger the sampling range Sy, the more
modes information can be captured, but it also increases the
computational burden and the time required. According to study
[27], in the ITF modeling, due to the slow process of thermal
diffusion, the temperature changes in the low-frequency range
often contain most of the temperature evolution information, and
the accuracy of temperature prediction mainly depends on the
low-frequency modes. Fig. 11 shows the logarithm of energy
for the first 12 orders of dominant modes. It can be seen that the
dominant modes are concentrated between 0 and 50 Hz (power
loss frequency). Hence, to ensure that most of the dominant
modes are captured, the sampling frequency needs to be more
than twice the power loss frequency. Thus, At should satisfy that
it is half of 1/f, and an integer multiple of the simulation step
length.

15123

0.025
mm Ar=0.01s
0.020 Ar=0.005s
Ar=0.001s
70015
=
£ 0.010
0.005
0.000 —

Si/s

Fig. 12.  RRMSE for all prediction snapshots at different S; and At.
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Fig. 13. Comparison of temperatures. (a) St = 1s. (b) St =25s.(c) St =3s.

Fig. 12 shows the RRMSE for all prediction snapshots ob-
tained at different S; and At. Obviously, along with the increase
of S; and the decrease of the A7, RRMSE would be decreased.
As Sy increases, RRMSE decreases exponentially for a constant
At. Conversely, as At decreases, the decrease in RRMSE is
insignificant for a constant S;. Thus, S; has a larger effect
on prediction accuracy than Atz. To reduce the computational
burden, At should be as large as possible without destroying the
prediction accuracy. Hence, it is suggested that Az be set to half
of 1/f,, (in this case, Ar = 0.01 s).

To reduce the time for obtaining sample snapshots, S; should
be as small as possible without destroying the prediction accu-
racy. Fig. 13 shows the temperature data at the center of the chip
Q5 (in Fig. 4), which are obtained from the FEM simulation
and the proposed method with S; = 1, 2, 3 s. The predicted
temperature of the proposed method gradually deviates from
the FEM simulation temperature when S; = 1 s and S; = 2 s.
The predicted temperature of the proposed method is very close
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Fig. 16. RRMSE for all prediction snapshots at different values of k.

to the FEM simulation temperature when S; = 3 s. Hence, S; is
recommended to be 3/10 of the prediction range.

B. Selection of r

The truncated SVD for TDM T, retains r (1<r<n) singular
values. Too small the value of r will lead to the loss of important
spatio-temporal information, while too large the value of » will
amplify the influence of noise [25]. Fig. 14 shows the RRMSE
for all prediction snapshots at different values of r with S; =3 s,
At =0.01 s, n = 299. It can be seen that the RRMSE remains
stable and low when r>150. Fig. 15 shows the RRMSE for each
prediction snapshot at different values of . The increasing trend
of RRMSE for r =30 and r =299 is steeper than that for r = 150.
Hence, it is suggested to truncate 50% of the singular values (in
this case, r = 150).

C. Selection of k

The ITF prediction is based on the k& (1<k<r) number of
dominant modes. Based on (23), the larger the ratio of k/r,
the larger energy accumulation O, which represents that the
modes energy accumulation O increases as the number k of
dominant modes selected increases. Fig. 16 shows RRMSE and
energy accumulation O at different values of k with S§; = 3 s,
At = 0.01 s, » = 150. It can be seen that as k increases, O
gradually approaches 1, and at the same time, RRMSE decreases
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Fig. 17.  (a) ITF prediction cloud image at t = 10 s. (b) Error cloud image.
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and tends to stabilize. Hence, O can be used to select the value of
k. When 0 exceeds a threshold value of 0.98, the corresponding
value of k can be used in the method to obtain satisfactory
prediction results. Hence, to ensure prediction accuracy, k can
be selected as 9 for this case.

D. Effectiveness Under Different Power Losses

To verify the effectiveness of the proposed method under
different equivalent power losses, several typical f,, and Ppcax
are used as test cases. Fig. 17(a) shows the ITF prediction cloud
image at t = 10 s for four cases: Case 1: Ppeax = 200 W,
fo = 50 Hz; Case 2: Ppeax = 400 W, f,, = 50 Hz; Case 3:
Ppea =600 W, f;, = 50 Hz; Case 4: Ppcaic = 200 W, f;, = 100 Hz.
Fig. 17(b) shows the corresponding error cloud image with FEM
simulation in these four cases. The maximum temperature error
is less than 0.5 K, and the errors are relatively uniformly dis-
tributed in space. The error results demonstrate that the proposed
method can accurately predict the entire ITF.

Fig. 18 shows the RRMSE for different test cases. It can be
seen that the prediction accuracy decreases with an increase in
Jp or Ppeak, but the overall error range remains relatively small.
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E. Effectiveness Under Different Cooling Conditions

To verify the effectiveness of the proposed method under
different cooling conditions, ITF predictions are tested under
different airflow rates V,;,.. Fig. 19 shows the highest temperature
of the ITF at different V,;.. It can be seen that the highest
temperature decreases quickly with the increase of V,;, between
1 and 5m/s. However, when the V,;, is between 6 and 10 m/s,
the highest temperature decreases slowly with increasing V;;.
This may be due to the heat transfer rate approaching saturation
at high V,;,, indicating that the cooling system is approaching
the limit of its ability to dissipate heat. Consequently, further
increases in wind speed result in only limited temperature reduc-
tion. Fig. 19 shows that the RRMSE remains consistently low at
different V,;,. This indicates that the prediction accuracy of the
proposed method is not affected by the cooling conditions. In
conclusion, the proposed method can be used for ITF prediction
under different cooling conditions, providing an excellent tool
for designing low-cost and reliable cooling systems for IGBT
modules.

E. Effectiveness Under Multiple Heating Stages Within a Time
Series

As the heating conditions change, the proposed method can
quickly obtain the prediction snapshots for these conditions
through corresponding sample snapshots. Fig. 20 shows the
process of the proposed method to predict multiple heating
stages within a time series (#1—,,). In heating stage I (at 11—2),
FEM is used to obtain a small number of sample snapshots
at (11—(#1+S¢)). Based on these sample snapshots, the proposed
method can quickly obtain prediction snapshots for heating stage
I. In heating stage II (at ro—t3), the prediction snapshot at 7,
obtained by the proposed method is imported into the FEM
simulation, and the sample snapshots at (to—(#2+S;)) for Heating
Stage II are obtained by FEM. Then, the proposed method is
used to obtain prediction snapshots for heating stage II. As a
result, the prediction snapshots for each heating stage can be
obtained by the proposed method.
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TABLE II
CASE WITH THREE HEATING STAGES

Heating stage Power loss RRMSE
I Poea=100W, f,=50Hz 0.00125
I Poea=200W, f,=50Hz 0.00121
11 Ppea=400W, f,=50Hz 0.00132
348
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336 FEM
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Heating stage I
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»
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Fig. 21.  Prediction results of the three heating stages within a time series.
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Fig. 22. Comparison of methods.

To verify the proposed method under multiple heating stages
within a time series, the case with three heating stages shown
in Table II was used for testing. Fig. 21 shows the prediction
results of the three heating stages within a time series, and it can
be seen that the results of the proposed method are very close
to those of the FEM. The RRMSE in Table II indicates that the
proposed method works well for multiple heating stages within
a time series.

G. Performance Evaluation of the Proposed Method

Fig. 22 shows the results of calculation time comparison
between the proposed method and the FEM simulation. To
obtain the ITF prediction snapshots for 10 s, the FEM simulation
requires 120 min. However, the proposed method only takes
38 min, including the time to obtain sampling snapshot. This
effectively reduces the calculation time by 68% and improves the
computational efficiency, while maintaining an acceptable error
margin, as shown in Section IV-D and IV-E. Fig. 22 shows the
results of data storage space comparison between the proposed
method and FEM simulation. The FEM requires 10 000 files
to be saved for 10-s ITF snapshot, occupying 74.6 GB of disk
space. In contrast, the proposed method only requires 9 files to be
saved for the dominant modes, occupying 0.4 GB of disk space,
thus significantly reducing the disk space occupation by 99% .

H. Comparison With Exiting Methods

Table III compares existing methods with the proposed
method. The mathematical methods [28], [29], [30] accelerate
FEM computation by reducing the system’s degrees of free-
dom, projecting high-dimensional finite element models onto
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TABLE III
COMPARISON WITH EXISTING TEMPERATURE PREDICTION METHODS

Temperature ~ Modelin;
Method gel d complexitgy Accuracy
Mathematical method [28]-[30] Yes Complex High
Deep learning method [31]-[34] Yes Complex Medium
Thermal network model [10]-[14] No Complex Medium
Frequency domain model [35] No Medium  Medium
Al-assisted thermal model [36] No Medium Low
Proposed method Yes Easy High

low-dimensional subspaces. Classical projection techniques,
such as the proper orthogonal decomposition (POD) method
[28], Krylov subspace methods [29], and the Galerkin projection
method [30], are widely employed in constructing these models.
However, they require computing all mesh point parameters
(e.g., thermal capacitance matrix, thermal stiffness matrix),
resulting in substantial computational load during modeling.
Additionally, these methods demand a deep understanding of
high-order control equations. Estimating IGBT temperature
fields involving forced air or water cooling necessitates dealing
with complex fluid-structure coupling control equations, which
presents significant challenges. The deep learning methods [31],
[32], [33], [34] mainly construct reduced-order models through
data-driven approaches, avoiding the strong reliance on con-
trol equations inherent in mathematical methods. Techniques
like long short-term memory networks [31], artificial neural
networks [32], deep neural networks [33], and Bayesian es-
timation [34] have been used in combination with the POD
method to create noninvasive reduced-order models. However,
these methods require large amounts of sample data to ensure
prediction accuracy and involve significant training time. The
thermal network model in [10], [11], [12], [13], [14], [35], and
[36] can only obtain temperatures at measurement points, but the
proposed method can obtain the entire ITF. In terms of modeling
complexity, the thermal parameters in [10], [11], [12], [13], and
[14]increase exponentially with the model order and the number
of chips due to the consideration of thermal coupling effects. The
method in [35] converts the thermal model to frequency domain
solving, reducing computational burden, but it requires an ad-
ditional transformation process, making the modeling process
more complex. The method in [36] uses artificial intelligence
(A to construct the thermal model, which makes the modeling
process relatively simple, but the effectiveness of the model has
not been verified in multichip modules. In terms of accuracy,
due to the complex coupling effect, the methods in [10], [11],
[12], [13], [14], [35], and [36] cannot achieve the predictive
accuracy of FEM, but the proposed method almost reaches the
same prediction accuracy as FEM. In conclusion, the advantages
of the proposed method are that it can predict the entire ITF, is
simple to model, and achieves almost the same accuracy as FEM,
but takes much less time, which greatly improves the simulation
efficiency.

V. EXPERIMENTAL VERIFICATION

The experimental platform is shown in Fig. 23(a). A basic
power cycling test circuit topology for the IGBT was used for
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Power Supply
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Fig. 23.  (a) Experimental setup. (b) Topology of the experimental setup.
TABLE IV
VERIFICATION EXPERIMENT DESCRIPTION
Case Power loss/w Frequency/Hz Duty ratio
I 400 5 0.5
I 200 5 0.5
I 200 0 1
v 50 0 1
TABLE V
MAXIMUM ERROR FOR FOUR DIFFERENT OPERATION CASES
Case | Case Il Case 11 Case IV
Maximum
error /K 0.5K 0.4K 0.7K 0.5K

the experiment as shown in Fig. 23(b). The device under test
(DUT) is an open IGBT module painted black, which is driven
to keep it turned on by a constant voltage source. An aluminum
heat sink with dimensions of 122 x 62 x 60 mm is installed
under the DUT. The surface of the heat sink has dense fins to
increase the heat dissipation area, and an axial fan generates
a uniform airflow with a velocity of 2 m/s. The power supply
outputs a constant current to induce power loss on the DUT. The
power loss can be determined by calculating the product of the
current and the conduction voltage drop of the DUT.

The amplitude variation of the power loss of the DUT is
achieved by changing the output current of the power supply.
The frequency variation of the power loss of the DUT is achieved
by applying pulsewidth modulation (PWM) signals of different
frequencies to the switches. The IR camera was used to record
ITF transient processes. Experiments were carried out under
four operating cases, including different power losses and PWM
signals with different frequencies and duty ratios, as shown in
Table IV.

Fig. 24 compares ITF cloud images obtained from the exper-
iments and the proposed method, respectively, where the four
cases in Table IV are considered. It can be seen that the ITF
cloud images obtained by the proposed method are very close to
the experiments. In all four cases, the temperature at the center
of chip Q5 is higher than that at the centers of Q4 and Q6, which
is mainly due to the thermal coupling effect between the chips
[31]. In all four cases, the temperature at the center of Q6 is
higher than that at the center of Q4, which may be due to uneven
heat dissipation caused by the lack of thermal grease between
the heat sink and the IGBT module.

Table V shows the maximum absolute errors between the
experiments and the proposed method. The maximum error
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Fig. 24.  Comparison results. (a) Case I. (b) Case II. (c) Case III. (d) Case IV.

under the four operation cases is 0.5 K, 0.4 K, 0.7 K, and
0.5 K, respectively. The error may be attributed to the natural
convective heat transfer from the surface of the open IGBT
module exposed to the air in the experiment. In conclusion, the
experimental results are very close to the predicted results.

VI. CONCLUSION

This article proposes a DMD based RTFP method for IGBT
modules. The proposed method requires only a small number of
sample snapshots to capture the dynamic modes of the ITF and
selects a small number of dominant modes to build a reduced-
order model to predict the ITF. The following conclusions are
obtained by analyzing the prediction results.

1) To obtain longer and more accurate I'TF prediction snapshots,
we suggest increasing the sampling range and decreasing the
sampling interval, and increasing the sampling range is more
effective.

2) To achieve a lower error level, we suggest using a 50%
SVD truncation level and modes with energy accumulation
exceeding 98% to establish a reduced-order model.

3) The proposed method can reduce the FEM simulation time
by 68% and reduces the disk space by 99% .

It is worth mentioning that the proposed method applies not
only to the ITF prediction but also to the temperature field
prediction of other power electronic devices. The verification
results are shown in the Appendix.
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(b) (c)

Fig. 25.  (a) Finite element model of IGBT module FF50R12RT4. (b) Cloud
images from FEM. (c) Cloud images from the proposed method.
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Fig. 26. Transient response curve from FEM and the proposed method.
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Fig. 27.  (a) Finite element model of MOSFET IRF9640N. (b) Cloud image

from FEM. (c) Cloud image from the proposed method.

APPENDIX
A. Verification Case With Other IGBT Module

To validate the effectiveness of the proposed method for dif-
ferent IGBT module structures, another model of IGBT module
FF50R12RT4, as shown in Fig. 25(a), was tested. This model
includes upper and lower bridge arms, each containing an IGBT
chip and a diode chip. The power loss tested was a sinusoidal half
wave with Ppeaic = 100 W, £, = 50 Hz. Fig. 25(b) and (c) show
the temperature field cloud images calculated using the FEM
and the proposed method, respectively. It can be seen that the
temperature distributions obtained by both methods are highly
consistent. Furthermore, Fig. 26 shows the transient response
curve of the highest temperature point, comparing the prediction
results of the FEM and the proposed method in the time series.
The results show that the temperature predictions of the proposed
method almost coincide with those of the FEM, with a maximum
temperature difference of less than 0.2 K and a relative error
of less than 0.06% . In summary, the proposed method is also
effective in ITF prediction with other IGBT modules.

B. Verification Case With Single Tube Power Device

To validate the effectiveness of the proposed method for single
tube power devices, a power MOSFET IRF9640N, as shown in
Fig. 27(a), was tested. The power MOSFET packaging includes a
MOSFET chip mounted on a heatsink through solder. The device is
connected to the external circuit through three terminals, and its
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Fig. 28.
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Transient response curve from FEM and the proposed method.

chip is protected by an encapsulant. The power loss tested was a
sinusoidal half wave with Ppcac = 20 W, f;, = 50 Hz. Fig. 27(b)
and (c) show the temperature field cloud image distributions
obtained using the FEM and the proposed method, respectively.
Fig. 28 shows the transient results of the highest temperature
point obtained by the FEM and the proposed method. It can be
seen that the results of the proposed method are very close to
those of the FEM, indicating that the proposed method is also
effective for single tube power devices.
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