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Abstract—The safe operation and lifetime of the power module
are heavily dependent on the temperature distribution, making it
imperative to optimize the thermal performance of the layout at the
design stage. During the module design phase, a significant number
of layouts are assessed. It is important to constrain computational
complexity while achieving high accuracy. Mechanistic modeling
and data-driven modeling have limitations in terms of complexity
and generalizability respectively. Therefore, this article proposes
a hybrid data-driven and mechanistic modeling approach. This
approach incorporates the theoretical analysis of mechanistic mod-
eling and the high efficiency of data-driven modeling to accurately
and efficiently compute the temperature distribution of a given
layout. This approach initially acquires the dataset from simple
structures and conducts a dimensionality reduction to obtain the
isothermal point set (IPS). Later, IPS of complex structures is devel-
oped based on mechanistic modeling. Finally, the IPS is converted
to a field to obtain a temperature distribution of the given layout.
The accuracy of the approach is verified by a steady-state thermal
experiment. With the proposed approach, an accurate assessment
of surface thermal distribution of different layouts can be quickly
finished. The thermal characteristics evaluation efficiency can be
improved roughly 300 times, which provides the necessary techni-
cal basis for layout optimization.

Index Terms—Data-driven approach, layout optimization,
packaging, power module, thermal modeling.

I. INTRODUCTION

W ITH the increasing application of wide bandgap semi-
conductor devices in fields such as electric vehicles

and renewable energy generation [1], the demand for large
capacity power modules has grown. Due to the current capacity
limitations of wide band gap semiconductor devices, parallel
connection of chips has become a solution for large capacity
power modules. However, the paralleled chips tend to cause
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an unbalanced temperature distribution due to their distinctive
thermal paths and thermal coupling effects. According to the
research, thermal imbalance will derate the power module and
cause reliability issues [2], [3], [4], [5].

The layout within the power module determines the thermal
path and the thermal coupling, so optimizing the layout is
crucial. Layout optimization, whether currently or in the future,
requires the evaluation of dimensional parameters and geometric
topology [5], resulting in a vast solution space. Besides this, the
thermal distribution model for each layout should be iteratively
solved to achieve accurate calculations of both electrical and
thermal stress [7]. Typically, this process takes a few weeks
when simulation software is utilized. Therefore, to reduce the
optimization process from weeks to a single day, an efficient and
accurate thermal modeling method is necessary. Many thermal
analysis approaches have been proposed. The existing approach
includes numerical approaches, analytical approaches, and data
driven approaches, where analytical approaches and numerical
approaches both belong to mechanistic modeling.

Numerical approaches pertain to obtaining numerical so-
lutions to intricate problems. Numerical approaches used for
thermal analysis mainly cover finite element method (FEM),
finite volume method (FVM), finite difference method (FDM),
and boundary element method (BEM). FEM and FVM are
widely used in commercial software like COMSOL and AN-
SYS. These methods have solid mathematical foundations and
high accuracy. However, their computation process is slow.
Many researchers propose a numerical methodology similar
to FDM, known as the three-dimensional (3-D) nodal resistor
network method [5], [9], [10], [11], [12]. Both methods address
the issue of heat transfer by dividing solid domains into discrete
elements. Depending on the size of the discrete elements, the
method allows for highly accurate or efficient computations.
However, they are not typically employed for irregular geome-
tries. Simplification of the original geometry is often required
[13], which will cause some errors. BEM is applicable to prob-
lems where Green’s functions can be calculated. However, the
Green’s function for power modules with complex structures is
difficult to obtain, which impedes the application of BEM.

Analytical approaches use methods of symbolic manipulation
to obtain results. One analytical approach is the heat spreading
angle approach [14], [15]. It calculates a heat-spreading angle
Φ within each layer. After determining Φ, the 1-D thermal
impedance network is established based on the heat transfer path.
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It is characterized by its simple expression and fast calculation
speed. However, 1-D thermal networks are difficult to account
for chip thermal coupling effects and provide a thermal field,
leading to underestimation of junction temperature and unclear
thermal distribution. Besides this, researchers have utilized the
analytical solution of the heat diffusion equation as the basis for
their thermal modeling. Choudhury and Rogers [16] obtained
the steady-state thermal field using an N-layer Fourier series ex-
pansion, Zhan and Sapatnekar [17] proposed a Green’s function
based high-efficiency thermal modeling method. The analytical
expressions of the Fourier series and Green’s function are both
derived based on a multilayer rectangular structure with the same
size. If the power module is similar to that structure, accurate,
and fast solutions can be obtained. However, the calculation
results for structures exceeding these limitations will introduce
some errors.

Data-driven approaches are innovative techniques for model-
ing issues. It establishes the relationship between inputs and out-
puts by learning the dataset through an intelligent system. Since
the intelligent system maps the inputs directly to the outputs, the
data-driven approach has an extremely fast computational speed
compared to numerical methods. Many researchers proposed the
machine-learning based thermal modeling method by learning
from numerical analysis results [18], [19]. The method exhibits
high computational accuracy when the heat source varies in dif-
ferent locations. But the trained process of the network focuses
on a fixed module structure, its application to layout optimization
with changing layout will omit some key features, whether it is
a supervised method or an unsupervised method [19]. Besides
this, machine-learning based method lacks interpretability and
needs large amounts of data for training in some cases. All these
factors constrain the wide use of the machine learning based
data-driven approach in the design phase.

Combining the physical mechanisms with a data-driven ap-
proach can enhance the adaptivity of the model. A data-driven
method combined with thermal spreading resistance theorem is
proposed in [20]. This method outputs the thermal resistance
network based on the simulation results of specified layouts.
Heat transfer formulas are employed to handle temperature
evaluation beyond the dataset. For the first time, the effect of
layout on the thermal characteristics of the power module is
modeled. It also has a high computation speed. However, this
work sacrifices some accuracy and cannot output the thermal
distribution.

Aiming to provide an efficient and accurate thermal field cal-
culation approach, this article established a steady-state thermal
modeling approach that combines mechanistic knowledge and
data-driven concepts. It introduces a dimensionality reduction
variable for managing intricate thermal field data. By research-
ing the impact of alterations in layout size parameters on heat
distribution, we can achieve excellent accuracy and computa-
tional speed. This approach will further improve the quality and
efficiency of the optimized design of the power module.

The rest of this article is organized as follows. Section II gives
an overview of the proposed approach. Section III introduces
the dataset acquisition and dimensionality reduction process.
Then, in Section IV, the thermal field reconstruction algorithm is
proposed. In Section V, the experiment and comparative analysis

Fig. 1. Framework of the proposed approach.

with different approach is conducted to verify the speed and
accuracy. Finally, Section VI concludes this article.

II. OVERVIEW OF THE PROPOSED APPROACH

This approach was developed for thermal modeling in layout
optimization. Optimization focuses on the horizontal layout of
the module. Thus, the horizontal parameters are set as variables,
i.e., the size and location parameters of the copper traces and
chips. The proposed approach can estimate the surface tempera-
ture of the power module in which chips and passive components
are placed horizontally on one plane, like the traditional pack-
age and double-sided cooling package. The procedure of the
proposed approach is shown in Fig. 1, which can be divided into
two steps as follows.

Step 1: Data acquisition and dimensionality reduction pro-
cess. The data acquisition step gathers simulation data from di-
verse layouts. The dimensionality reduction process introduces
the isothermal point set (IPS) to establish a relationship between
essential thermal features and the changing layouts.

Step 2: The reconstruction of the thermal field. This step
combines the heat transfer theory and the obtained dataset to
calculate the IPS of the layout, then the thermal field is recon-
structed based on the IPS of the layout.

In this article, the research object is a single-sided cooling
power module with a pin-fin cooler, as shown in Fig. 2. This
kind of power module does not have a baseplate, thus, its thermal
resistance is significantly reduced. This structure is widely used
in hybrid and electric vehicle traction applications. The power
module materials are summarized in Table I.

III. DATA ACQUISITION AND DIMENSIONALITY

REDUCTION PROCESS

This section serves two purposes: on the one hand, acquir-
ing sufficient dataset of the thermal field, on the other hand,
establishing the dimensionality reduction representation of the
thermal field to facilitate the subsequent analysis. Finite element
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Fig. 2. Module structure. (a) View 1. (b) View 2.

TABLE I
MATERIALS FOR THE POWER MODULE

analysis software like COMSOL is used for the data acquisition,
and MATLAB scripts are used to automate the dataset acquisi-
tion process. Two types of simulation models are implemented
to consider the influence of different chip positions and different
copper traces. Then, a dimensionality reduction variable called
IPS is defined to represent the essential feature of the thermal
field.

A. Simulation Stage With Changing Chip Positions

Chip position significantly influences the thermal distribution
inside the module. The influence of different chip positions is
considered in the model of the first simulation stage.

In the model, the model with direct bonded copper (DBC) in
nonetched(complete) state is established. Chip position is set as
a variable parameter. Because the bond wire has little effect on
the thermal characteristics [12], the bond wire is omitted in the
simulation model, as shown in Fig. 3. In addition, two coordinate
systems are used in this article. They are the absolute coordinate
system, denoted as xyz system, and the relative coordinate sys-
tem of chips, denoted as xryrz system. The direction of the axis
in horizontal plane is shown in Fig. 3(a). The z-axis origin is

Fig. 3. Simulation model of the first simulation stage and the coordinate
systems. (a) View 1. (b) View 2.

Fig. 4. Mesh generation result mapped to simulation model. (a) Model struc-
ture when node n24 is selected as the chip center. (b) Model structure when node
n30 is selected as the chip center.

defined in Fig. 3(b), the two coordinate systems share the same
z-axis.

The active area of the chip is set as the heat source, and an
even heat rate of 50 W is given as the excitation. The equivalent
heat transfer coefficient (htc) of the pin-fin cooling surface is set
as h = 8500 W/(m2·K), which can be obtained from numerical
analysis or experiments. The coolant temperature is set as 20 °C.
The steady state thermal simulation is conducted.

The chip position varies among different simulation models.
In order to get an accurate thermal profile across the whole plane
no matter where the chip is, the selected positions of the chip
center should be spread throughout the plane. The triangular
mesh generation method is used to split the plane and determine
the position of the die. The maximum mesh edge length is
defined to regulate sparsity and control dataset size, it is set as
5 mm in this article. Each node of the triangular mesh is selected
as the central position of the chip once in the first simulation
stage, Fig. 4 demonstrates two cases of the simulation model.
As shown in Fig. 4, there are 66 nodes, so this process needs 66
simulations. It should be noted that the chip needs to keep some
distance from the edge of the copper trace, in this article, the
distance is set as 1.5 mm.
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Fig. 5. Simulation model of the second simulation stage.

After the simulation, the surface temperature of the z = 0.3
(i.e., the upper surface of the copper trace) is recorded as dataset.
The sampling interval in both the x- and y-directions is 0.5 mm.
Besides this, the average temperature rise at the top surface of
the ceramic isolator (i.e., surface z = 0) is recorded as dataset.

B. Simulation Stage With Changing Copper Size

The maximum temperature and temperature distribution of
the chip changes as the trace shrinks. In order to cover power
modules with different copper trace sizes, the simulation model
of the second simulation stage set the copper trace size as
variable parameters.

In the second simulation stage, the chip is placed in the
center of the module and given an even heat rate of 50 W. To
control the sample size, the copper trace is centrally symmet-
rical, the equivalent htc of the pin fin cooling surface is set as
h = 8500 W/(m2·K), coolant temperature is set as 20 °C. The
size parameters of the upper copper trace are defined as Hl and
W1, as shown in Fig. 5.

In this simulation stage, both Hl and W1 have 10 sampling
values. The value is logarithmically spaced because the temper-
ature changes sharply when the size of the copper trace is small.
The simulation is performed for all variations of Hl and W1.
Thus, this process has 100 simulations. After the simulation,
the surface temperature of the z = 0.3 is recorded as dataset. If
there is no trace, the temperature value recorded is NaN. Besides
this, the average temperature rises of the chip and the trace are
recorded as dataset.

C. Dimensionality Reduction Process

After the dataset acquisition process, the recorded data is cum-
bersome. Field distribution information is difficult to process. A
dimensionality reduction representation of the surface thermal
field is proposed.

First, the field point is interpolated to produce a continu-
ous surface. Linear interpolation is used in this article. After
that, the IPS is defined to represent the vital information, i.e.,
dimensionality reduction representation of the thermal field.
M denotes the temperature rise of the point beneath the chip
center at surface z = 0.3 mm. In general, the position with
the highest temperature point is near center of the chip. Then,
record the position in the x-axis and y-axis in both directions
when the temperature rise θ decreases to different isothermal
levels (0.9M, 0.8M, 0.7M, 0.6M, 0.5M, 0.4M, 0.3M, 0.2M, 0.1M,
0.05M). If the position is not found, NaN is assigned. The

Fig. 6. Example of the isothermal point. (a) One sample in the first simulation
stage. (b) One sample in the second simulation stage.

position information is converted into the distance from the chip
center and subsequently becomes a component of IPS, defined
as the isothermal point matrix. The distance information and
temperature rise values form the IPS, M is also included. The
isothermal point is demonstrated in Fig. 6. All IPS are recorded
in dataset.

Fig. 6(a) shows the isothermal point of one sample in the first
simulation stage, and Fig. 6(b) shows the isothermal point of
one sample in the second simulation stage. The isothermal point
matrix is denoted as A. Denote the matrixes in each direction of
the axis as AW, AS, AE, AN, respectively, AW means an array of
isothermal point distance along the negative x-axis, AE means
an array along the positive x-axis, AS means an array along the
negative-y-axis, AN means an array along the positive y-axis. A
is a 4×10 matrix, and AW, AS, AE, AN are all 1×10 arrays

A =

⎡
⎢⎢⎣
AW

AE

AS

AN

⎤
⎥⎥⎦ . (1)

After all the isothermal point matrixes are generated, the NaN
data needs to be processed. Supposing the isothermal point
matrix of the case with unetched copper and centered chip is
Au-c. In this article, there is no NaN in Au-c. if an isothermal
point matrix Anan has NaN in it, supposing NaN starts at the
ith element in AW

nan. Then, AW
nan is modified to AW

nan_m, as
shown in

AW
nan_m(s) =

∑i−1
u=1 A

W
nan(u)∑i−1

u=1 A
W
u−c(u)

AW
nan(s)(s = i to 10). (2)
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Fig. 7. Distribution of normalized profile temperature for different H1.

Fig. 8. Function θiso(x,y).

For the matrix in other directions, the same treatments are
applied. Using this method, the matrices in the dataset can have
a reasonable value

Fig. 7 shows the distribution of normalized profile temper-
ature along y-axis when H1 changes, which is obtained from
dataset of the second simulation stage. The distance between the
highest temperature point and the 90% highest temperature point
(namely AN(1) and AS(1)) decreases from 2.31 mm to 1.65 mm
when H1 changes from 5 mm to 45 mm. The distribution of
the isothermal point shrinks as the expansion of the copper
layer. This is because increased copper layer area reduces the
restrictions on thermal diffusion.

The relationship between the chip position and the average
temperature rise of the top surface of the ceramic isolator is
interpolated to get a function θiso(x,y), where x and y are the chip
center position, θ means temperature rise (temperature minus
coolant temperature). Absolute coordinate system is used. The
function θiso(x,y) is shown in Fig. 8.

From Fig. 8, it can be found that the θiso decreases when
the chip position deviates from the center of the direct bonded
copper. This is because the thermal spread between the DBC
and the heatsink is enhanced when the chip is near the edge of
the DBC, and more heat is spread through the heatsink.

The relationship of the average temperature rise of the chip
and copper trace to H1 and W1 are interpolated to get the function

Fig. 9. Relationship of the average temperature rise of the chip and trace to Hl

and W1. (a) Relationship of the average temperature rise of the chip to Hl and
W1. (b) Relationship of the average temperature rise of the trace to H1 and W1.

θdie(H1,W1) and θtrace(H1,W1). The 3-D graphs of θdie(H1,W1)
and θtrace(H1,W1) are shown in Fig. 9(a) and (b).

It can be seen from Fig. 9 that θdie(h1,v1) and θtrace(h1,v1)
change sharply when v1 and h1 are small, so the sample points
need to be logarithmically spaced. It also proves that the im-
pact of copper layer size on temperature distribution should be
considered.
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IV. THERMAL FIELD RECONSTRUCTION

This section illustrates the method to reconstruct the temper-
ature distribution by utilizing the dataset gathered in Section III
and theoretical analysis. First, the effect of chip position and
copper layer size on IPS is considered progressively for one heat
source case. When the copper is etched, both the temperature
distribution on the copper trace and the ceramic isolator top
surface is analyzed. Then, the complete reconstruction process
considering all heat sources is conducted by using superposition
theorem [16].

A. Field Reconstruction With Unetched Copper Layer

Although the upper copper layer of DBC is always etched, it
is still meaningful to study the heat distribution of the unetched
state, as this study can clarify the influence of the chip position
on the thermal distribution.

Supposing the chip center is (xued,yued). The first step is to
find out which triangle the center of the chip position belongs to
in the triangular mesh shown in Fig. 4. Afterward the isothermal
point matrix and maximum surface temperature rise are fitted
with the isothermal point matrixes and maximum surface tem-
perature rise from the dataset. Supposing the isothermal point
matrixes when the chip center is at the triangle’s vertices and at
(xued,yued) are Av1, Av2, Av3, Aued, respectively. The maximum
surface temperature rise at the triangle’s vertices and at position
to be analyzed are Mv1, Mv2, Mv3, Mued, respectively. The
vertex coordinates of the triangle are (x1,y1), (x2,y2), (x3,y3),
respectively. Then, Aued and Mued can be obtained by linear
fitting

Aued = Av1 + a(xd − x1) + b(yd − y1)

Mued = Mv1 + c(xd − x1) + d(yd − y1) (3)

where

a = [(Av2 −Av1)(y3 − y1)− (Av3 −Av1)(y2 − y1)]/e

b = [(Av2 −Av1)(x3 − x1)− (Av3 −Av1)(x2 − x1)]/e

c = [(Mv2 −Mv1)(y3 − y1)− (Mv3 −Mv1)(y2 − y1)]/e

d = [(Mv2 −Mv1)(x3 − x1)− (Mv3 −Mv1)(x2 − x1)]/e

e = (x2 − x1)(y3 − y1)− (x3 − x1)(y2 − y1) �= 0 (4)

where a, b, c, d, e are the parameters introduced to perform the
linear fit. They have no physical meaning.

To validate the fitting, the coordinate (xued,yued) is selected
randomly to generate a fitted IPS. Then, the temperature rise
values of the same position are compared with FEM simulation
results, the comparison results and the error are shown in Fig. 10,
xryrz coordinate system is used.

Fig. 10 draws the point-to-side projection to illustrate the
accuracy of the method. It can be found that the temperature
rise at the given points matches well, the prediction error at
the isothermal point is within 0.5 °C. Thus, the effectiveness of
the computation method is verified.

Usually, the isotherm produced by the chip heat source is
approximately elliptical [21], so in this article, two points are

Fig. 10. Results comparison of the fitted isothermal point matrix and corre-
sponding error.

Fig. 11. Point set after elliptic expansion.

inserted in each quadrant for each isothermal level to form
an elliptical shape isotherm, the coordinate is (Ap(m)×cos(ϕ),
Aq(m)×sin(ϕ)), where p is W or E depending on the quadrant
of the point, q is N or S depending on the quadrant of the
point, m means the mth isotherm. ϕ is a multiple of 30° and
its value depends on the quadrant of the point, the result after
inserting the isothermal point is shown in Fig. 11. Different color
represents different temperature level. Compared with the red
dots in Fig. 10, it can be found Fig. 11 adds 40 points to form
an isotherm shape in nonaxis region.

Then, a cubic spline interpolation is implemented to form the
reconstructed field function Fued, where F takes coordinates (x,
y) as input and temperature rise as output. To verify the effect
of this step, a reconstructed field when the chip is at a random
position is generated and its results are compared with the field
distribution of FEM, the result is shown in Fig. 12.

In Fig. 12, the top surface is the results of FEM, the middle
surface is the results of the proposed approach, the bottom
surface shows the area where the calculation error is less than
5% (Green color).

Fig. 12 shows that the reconstructed field is accurate at most
positions, whether near the chip or slightly further away. Besides
this, it also proves that the IPS is a valuable dimensionality re-
duction representation of the thermal field with unetched copper
layer.
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Fig. 12. Comparison result of the proposed approach and FEM.

Fig. 13. Basic structure of the research object.

Fig. 14. Distance of the chip center to the edge of copper trace.

B. Field Reconstruction With Etched Copper Layer

The field reconstruction of the etched copper layer is the core
content of this article. Fig. 13 shows the basic structure of the
research object. This section consists of two parts, calculating
the thermal field (Fscd) on the copper trace (Ztrace area, brown
color) and estimating the thermal field (kFued) of the top ceramic
isolator layer outside the trace (Zouttrace area, blue color). It is
based on the result of the unetched state Fued and the dataset.

First, attention is focused on the evaluation of the temperature
distribution at the top surface of the copper layer (Ztrace area).
The distance of the chip center to the edge of the copper trace
needs to be calculated, as shown in Fig. 14.

After that, entering the position of the chip center to the
A segment of this section, the isothermal point matrix with
unetched copper Aued can be obtained, and the isothermal point
matrix (Ascd) of this case along each direction is modified based
on the obtained Aued.

Take the negative direction of the x-axis as an example, an
isothermal point matrix with a W1 = 2xneg and H1 = ypos+yneg
needs to be interpolated using the dataset of the second sim-
ulation stage. A linear interpolation is used as before. The
interpolated matrix is denoted as AW

xneg. Let Afull be the
isothermal point matrix of the case when the trace is not etched
and the chip is in the center. Treating each element of AW

as a function of chip position p = (xcc,ycc) and copper layer
information t = (xneg,xpos,yneg,ypos), i.e., AW

scd(m) = gm(p,t),
AW

full(m) = gm(p0,t0), m = 1 to 10. The procedure uses the
first-order term of the Taylor expansion of the function gm to
calculate the unknown AW

scd, as shown in (5).
Combing all the m terms in (5) forms the formula for cal-

culating AW
scd, as shown in (6). Intuitively speaking, (AW

xneg-
AW

full) is used as the correction factor of the etched copper layer.
(AW

ued-AW
full) is used as the correction factor for changing chip

position.
It should be noted that if 2xneg is larger than the width of the

gm(p, t)

≈ gm(p0, t0) +
∂gm(p0, t0)

∂p0
• (p− p0) +

∂gm(p0, t0)

∂t0

• (t− t0)

≈ gm(p0, t0) +
∂gm(pε, t0)

∂pε
• (p− pε) +

∂gm(p0, tξ)

∂tξ

• (t− tξ)

≈ gm(p0, t0) + (gm(p, t0)− gm(p0, t0))

+ (gm(p0, t)− gm(p0, t0)) (5)

AW
scd = AW

full +
(
AW

xneg −AW
full

)
+
(
AW

ued −AW
full

)
(6)

unetched copper trace, then W1 = Wbou, where Wbou is the
maximum width of the DBC’s copper layer.

The correction of the matrix Ascd in the other directions is the
same, as shown in (7). After this process, the isothermal point
matrix Ascd is determined

AE
scd = AE

xpos +AE
ued −AE

full

AS
scd = AS

yneg +AS
ued −AS

full

AN
scd = AN

ypos +AN
ued −AN

full. (7)

The maximum temperature rise at surface z = 0.3 mm also
changes with the trace size and the chip position. The calcu-
lation process is based on the assumption that the maximum
surface temperature rise is proportional to the thermal resistance
underneath the chip solder. The thermal resistance from chip
to ambient is studied first. Then, subtracting the 1-D thermal
resistance of the chip and solder layer Rcs obtains the thermal
resistance underneath the chip solder.

The thermal resistance from chip to ambient is equated to
the parallel connection of four quadrant thermal resistances,
as shown in Fig. 15(a). The four quadrant thermal resistances
are calculated based on the geometry on the right side [see
Fig. 15(b)]. They have the following characteristics.
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Fig. 15. Demonstration of the paralleled thermal resistance. (a) Structure to
be analyzed. (b) Constructed structures for quadrant thermal resistance.

1) Identical to the structure on the left in given quadrant.
2) The copper layers are symmetric about the center of the

chip.
3) If the copper layer is out of range when 1, 2 are satisfied, the

copper layer is restricted to be within the possible range.
(Geometry structure for quadrant 14)

After that, the quarter thermal resistance of Fig. 15(b) can
be calculated based on the superimposed effect of chip position
and copper layer size. The structure of the research object in this
section is the same as the structure in Figs. 13 and 14. Using the
geometry structure for first quadrant to illustrate the calculation
step.

Supposing the average temperature rise of the chip with
unetched copper and centered chip is

θc−u = θdie(Wbou, Hbou) (8)

where Wbou and Hbou is the size parameter of unetched copper
layer, in this article, Wbou = 38 mm, Hbou = 48 mm.

Supposing the average temperature rise of the chip in the
second simulation stage with W1 = 2xpos and H1 = 2ypos is

θc−G1 = θdie(2xpos, 2ypos). (9)

Then, considering the influence of chip position by multi-
plying a correction factor Mued/Mc-u, the average temperature
rise of the chip in geometry structure for 1st quadrant can be
estimated as

θG1 = (θc−G1 −RcsP )
Mued

Mc−u
+RcsP (10)

where Mc-u is the maximum temperature rise of surface z = 0.3
with unetched copper and centered chip. Power loss is P= 50 W
as mentioned before. Rcs is thermal resistance of the chip and
solder layer.

After that, the quarter thermal resistance RQ1 of Fig. 15(b)
can be calculated as

RQ1 =
4θG1

P
. (11)

Thus, the thermal resistance from chip to ambient in Fig. 13
can be calculated as

Rscd =
1

1
RQ1

+ 1
RQ2

+ 1
RQ3

+ 1
RQ4

. (12)

Fig. 16. Comparison result of the proposed approach and the FEM result.
(a) Demonstration graph. (b) Region with absolute error <2 °C.

Subtracting Rcs, the thermal resistance underneath the chip
solder can be obtained, as shown in

Rscdb = Rscd −Rcs. (13)

Therefore, the modified maximum temperature rise in Fig. 14
at surface z = 0.3 mm is estimated by multiplying a correction
factor. The correction factor is the ratio of thermal resistance in
their respective structures

Mscd =
Rscdb

Rc−ub
Mc−u (14)

where Mscd is the predicted maximum temperature rise of the
surface z = 0.3 mm shown in Fig. 13; Rc-u is the chip thermal
resistance when the chip is centered and copper is unetched, and
Rc-u = θc-u/P, Rc-ub = Rc-u-Rcs Afterward, the thermal field
function Fscd can be reconstructed using Ascd and Mscd.

A single chip model is generated to verify the accuracy of this
section’s method, and the structure of the example is shown in
Fig. 13. The comparison result between the proposed approach
and the FEM result is shown in Fig. 16, only the thermal field
on the copper is presented. It can be seen from Fig. 16 that the
proposed approach can grasp the key parameter that influences
the distribution of the thermal field. The error introduced by the
approximation algorithm is within acceptable limits.

Then, the calculation of the thermal field in Zouttrace area
of Fig. 13 is demonstrated. First, an invariant θiso(xc,yc) is
introduced. This variable is the average temperature rise of the
ceramic isolator top surface, as mentioned in Section III.
θiso(xc,yc) basically does not change with the size of the trace,

this can be verified by FEM simulation. Four simulations with
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TABLE II
INFLUENCE OF TRACE SIZE TO THE TEMPERATURE RISE OF THE CERAMIC

ISOLATOR LAYER

two chip positions and two copper trace sizes are conducted
to verify this conclusion. The average temperature rise of the
ceramic isolator top surface is recorded. The results are shown
in Table II, and it can be found that the influence of the copper
size on θiso is negligible.

It is known that the trace average temperature increases as
the copper trace shrinks. An assumption is made that the top
surface and bottom surface of the copper trace have the same
temperature rise [20]. θiso is composed of the average tempera-
ture rise of the copper trace (Ztrace area, z = 0.3 mm) and the
top surface of the ceramic isolator layer outside the copper trace
(Zouttrace area, z = 0 mm). Therefore, the thermal field outside
the copper trace can be estimated by multiplying a parameter k
on the reconstructed thermal field Fued to make θiso an invariant.
Hence, the formula can be listed as (15), adding a formula (16)
when copper is unetched and the chip is at specified position.
Then, k can be calculated as (17). The integral is calculated using
the trapezoidal formula∫∫

Ttrace

FscddS + k

∫∫
Zouttrace

FueddS = θisoSiso (15)

∫∫
Ttrace

FueddS +

∫∫
Zouttrace

FueddS = θisoSiso (16)

k =
θisoSiso −

∫∫
Ztrace

FscddS

θisoSiso −
∫∫

Ztrace
FueddS

(17)

where Siso is the area of the top surface of the ceramic isolator
layer.

C. Complete Reconstruction Demonstration of the Approach

Thermal conductivity can be considered constant when the
temperature change is relatively small [12]. Evaluating the ther-
mal distribution of different module layouts under a fixed oper-
ating condition fulfills this prerequisite. Thus, the superposition
theorem can be used [22].

So far, a complete approach for modeling the thermal field
has been proposed. A FEM thermal simulation and a thermal
analysis using the proposed approach are conducted to verify
the overall accuracy. The layout of the power module is shown
in Fig. 2, the detailed layout is shown in Fig. 17. Obviously,
the chips belong to two copper traces, so there are two types of
thermal coupling, one is the thermal coupling in the same trace
and the other is the thermal coupling in different traces.

The thermal field reconstruction result is shown in Fig. 18, to
clearly show the accuracy of the approach proposed, the region
in which reconstruction error is within 5% or 0.5 °C and 5% or
2 °C is painted yellow, as shown in Fig. 19 (red lines indicate
chip edges).

Fig. 17. Detailed layout of the power module.

Fig. 18. Comparison between the proposed approach and the FEM result.
(a) Upper bridge. (b) Lower bridge.

Fig. 19. Region in which a given error can be maintained. (a) When the given
error level is 5% or 0.5 °C. (b) When the given error level is 5% or 2 °C.
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Fig. 20. Fabricated power module. (a) View 1. (b) View 2. (c) View 3.

Fig. 21. (a) Overview of the test bench. (b) Test devices and measuring
instruments.

The comparison results verified the accuracy of the proposed
approach. The calculation time using FEM is approximately
120 s with 1 million mesh number and a GMRES solver [23]. The
time consumed by using the proposed approach is roughly 0.2 s.
The temperature distribution inside the chip can be calculated
using the FDM. With the temperature distribution at z = 0.3
surface as the boundary condition, the calculation speed can be
very fast. If the chip temperature distribution is also calculated,
the time consumed will be extended to roughly 0.35 s. The
proposed approach can increase the calculation speed by roughly
300 times.

V. VERIFICATION OF THE APPROACH

A. Introduction of the Test Bench and Test Condition

An experiment is conducted to verify the feasibility of the
proposed approach. A power module is fabricated, as shown
in Fig. 20. The chips are taken from the same wafer to ensure
parameter consistency. The silver-plated copper-clad ceramic
substrate is used to reduce welding difficulty.

After that, black paint is sprayed over the top surface of the
power module to unify the emissivity. The value of the emissivity
setting used in this work is 0.94.

Then, the power module is placed on the test bench, as shown
in Fig. 21(a). It is a multifunctional testing equipment for the
thermal characteristics of power modules. The power module

Fig. 22. Thermal image of the power module.

Fig. 23. Comparison among the experiment, FEM, and the proposed approach
along line AB.

after black painting is put in a liquid cooling bath, as shown in
Fig. 20(a), and the water pump is used to circulate the coolant.

The detailed view of the test bench is shown in Fig. 21,
the temperature is measured using the infrared camera. The
experiment is implemented on the upper bridge of the power
module, and a dc current source is used to heat the power module.
To reduce the self-heating effect of the bond wire, a constant
Vgs = 10 V is held on the power module, in this condition,
the voltage drop of the SiC MOSFET is larger than normal. The
current value of the current source is set as 60 A, and the voltage
drop of the power module is Vds = 2.843 V. Hence, it can be
calculated that PChip1 = PChip2 = PChip3 = 56.86 W.

B. Comparison Among the Experiment, FEM, and the
Proposed Approach

Fig. 22 shows the thermal image of the power module, the tem-
perature rise along line AB(y = 29.41 mm) and its comparison
with FEM and the proposed approach is shown in Fig. 23. The
temperature rise comparison results along line CD(x=19.5 mm)
is shown in Fig. 24.
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Fig. 24. Comparison among the experiment, FEM, and the proposed approach
along line CD.

As can be seen from Fig. 23, over the copper layer, the results
of the modeling method (FEM and the proposed approach)
and the experiment match well, while over the chip surface,
the thermal distribution differs. This is because the power loss
distribution is uneven inside the chip, power loss is mostly
concentrated near the source plate. Near the gate, chip loss is
small [24]. Besides this, the self-heating effect of bond wires
will also cause some temperature changes.

From Fig. 24, it can be found that the proposed approach
has excellent prediction accuracy in the copper layer where the
chips are located. it can also be found that the reconstruction of
the thermal field over the copper layer at other trace have some
errors, but the prediction accuracy is also sufficient for thermal
analysis in the design phase. The shaded area indicates the point
where the error is less than 5% of the highest temperature rise
of the copper layer, which is 81.8% of the total length.

From the experiment result in Fig. 22, the temperature rise
at the edge of the chip is about 70% of the temperature rise at
the chip center. As power loss keep increasing, thermal distri-
bution inside the module may requires more refined analysis.
This is because the temperature imbalance inside the chip will
influences the temperature-sensitive electrical parameters, like
the value of internal gate resistance [25] and voltage drop [24],
[26], [27], [28]. The approach proposed can be used for more
precise modeling if the dataset is constructed with a metacellular
structure or part of chip as the heat source [29]. The thermal
distribution with uneven loss is obtained by superimposing
the thermal field of each cell. Additionally, with the thermal
distribution, the approach provides a foundation for mechanical
stress calculations.

C. Comparison Among Different Approaches

A comparison with the approaches mentioned in the intro-
duction is presented in Table III. The accuracy of the FEM is
verified by the experiment. Therefore, FEM results are used as
the reference for calculating error. The two power loss conditions
are imposed on the power module, one is six chips with 50 W
loss each, the other is three chips in upper bridge with 58.86 W

TABLE III
COMPARISON OF CURRENT RAPID THERMAL MODELING APPROACHES

loss each. Thus, the condition with uneven power loss between
upper and lower bridge is considered. The maximum single
chip thermal resistance calculation error is recorded in the error
column in Table III. Due to the complexity of 3-D nodal resistor
network method, its data are extracted from the reference paper.
It is important to note that both the Fourier series based approach
and the Green’s function based approach have a high level of
accuracy. In both approaches, the copper layer is subjected to
a surface heat source with uniformly distributed normal heat
flux, resulting in an overestimation of the temperature. This
overestimation compensates for the underestimation caused by
the neglect of layouts. As can be seen from Table III, the
proposed approach has a high accuracy and speed.

VI. CONCLUSION

This article proposed a hybrid data-driven and mechanistic
modeling approach for rapid thermal analysis. Its framework
follows the sequence of dataset collection, dimensionality re-
duction, theoretical analysis, and thermal field reconstruction.
By using this approach during the design stage, the calculation
speed of the thermal field distribution can be increased by
approximately 300 times, thereby improving design efficiency.
The accuracy of the approach is verified by comparing it with
FEM and experimental results. The approach presented in this
article can provide an efficient and reliable tool for the design
of power modules.
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