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Abstract—Accurate thermal simulation of power semiconduc-
tor modules often relies on the Finite Element Method (FEM)
which is time consuming due to the high system order caused
by the structure of the module. In this work the applicability of
Proper Orthogonal Decomposition (POD) method for reduced
order thermal modeling and simulation of power modules is
analyzed in detail. By applying this method, system order can
be reduced considerably without losing accuracy. A typical half-
bridge power module arrangement is used for the study and
3D static as well as 3D transient simulation results show that
simulation speed can be increased significantly by applying
this approach. Additionally, a comprehensive sensitivity analysis
confirms the robustness of the approach with respect to the
selection of POD modes according to their energy content.

Index Terms—Thermal simulation, Reduced Order Modeling,
Proper Orthogonal Decomposition (POD), IGBT Power Module

I. INTRODUCTION

Performance of power converters is advancing rapidly,
driven by a growing demand for efficient power conversion.
Modern converters must achieve both high efficiency and
high power density while operating at increasing switching
frequencies and generating high power loss densities. As a
result, the power semiconductor switches of the converter
are designed to operate near their temperature limits 75 .
without exceeding them (7} < Tjmax). It is, therefore,
essential to accurately predict power semiconductor junction
temperature profiles at different steady state and transient
operating points during converter design. Power semiconduc-
tor temperatures are usually estimated either by employing
detailed numerical simulation methods, such as the Finite
Element Method (FEM) and the Finite Difference Method
(FDM), which can be computationally intensive, or by means
of lumped thermal networks in Foster or Cauer representation.
These representations, however, are approximations that do not
describe the temperature field inside of the power module and
lack accuracy [1].

This paper proposes the application of a Reduced Order
Modeling (ROM) method for computationally efficient and
accurate thermal simulation of power modules and outlines the
advantages and drawbacks of the Proper Orthogonal Decom-
position (POD) method. A significant increase in simulation
speed (multiple orders of magnitude) is observed when ob-
taining simulation results by means of POD when compared
to FEM simulation while sacrificing some accuracy. Although

POD method has been used in different fields of engineering
for over a century [2], it’s usefulness is lately becoming more
obvious in the field of thermal simulation as the complexity of
FEM thermal models is increasing [3], [4]. Proper Orthogonal
Decomposition is a well studied numerical method used for
decomposition of physical fields u(x, ¢) into it’s singular value
components. The method is tightly linked to Singular Value
Decomposition (SVD) and Principal Component Analysis
(PCA) [3], [5] and [6].

The POD method has already been used in power elec-
tronics and more details can be found in [5] and [7]. In [5],
POD has been applied to power electronic converters, however
no analysis on the effects of model order on accuracy and
simulation speed is discussed. In [7], the applicability of the
POD method is shown for thermal simulations of a discrete
MOSFET switch. In this work the applicability of the POD
method in semiconductor power modules in terms of simula-
tion speed and accuracy is analyzed in detail and the effects
of reduced model order by the POD method on simulation
accuracy is studied and discussed. The POD method is thereto
applied on a commercially available semiconductor power
module for automotive applications. In Section II an overview
on the POD methodology is given including the main steps of
the process and in Section III the application of the method
on the semiconductor power module is shown including
comprehensive simulation results. Next, in Section IV, the
influence of model order on simulation speed and accuracy is
analyzed. Finally a conclusion summarizes the main aspects
in Section V.

II. POD METHODOLOGY

For the description of the basic approach of POD, it is
assumed that the temperature field T'(x,t) has been deter-
mined, e.g. as a result of a comprehensive FEM simulation. By
applying POD to a thermal problem, this solution temperature
field

T(x,t) = Z $i(x) ai(t) = Z ¢i(x) ai(t) (1)

is decomposed into n singular values without a loss of accu-
racy [2]. In (1), ¢;(x) is the i-th component of the orthogonal
spatial POD basis functions, a;(t) is the i-th projection vector
in the basis space and n is the order of the system. The
singular values are subsequently ordered by energy content
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Fig. 1: Block diagram representation of POD method.

and it’s possible to extract r << n first singular values, called
modes. Dependent on the number of selected modes 7, model
accuracy is reduced to a greater or lesser extent. POD can also
advantageously be expressed in matrix form

T=>®a(t) =~ ®,a,(t). )

A key benefit of POD is the possibility to reuse the generated
reduced order model for different operating points (boundary
conditions) of the thermal problem by calculating the projec-
tion vector a, in the reduced order space ®,. Dependent on
r this increases computation speed considerably, as the order
of the system is reduced from n to r. Once the reduced order
model has been extracted there is no need for (commercial)
FEM software to solve the thermal problem which is another
benefit of POD. In Fig. 1, the workflow for POD extraction
is outlined and the individual steps will be discussed below.
Detailed mathematical derivation of POD can be found in
[2], [3] and [8]. In the next section, the applicability of POD
for thermal simulation of a commercial power module is
analyzed. The results, as well as accuracy and simulation speed
comparison, are presented for static 2D and 3D simulations as
well as transient 3D simulation.

A. Model Setup for Power Module Simulation

In order to derive a POD model for transient thermal
simulation of power modules, this paper assumes a FEM
model as the starting point. The workflow for the derivation of
POD models from FEM simulation is depicted in Fig. 1. The
FEM model is defined by geometry, material properties and
boundary conditions (BC’s). Geometry of the power module is
given by the manufacturing and it is assumed that the geometry
of the power module doesn’t change during operation, e.g. as a
result of higher temperatures. Thermal expansion is therefore
not considered in the thermal model due to the very small
changes in the thermal behavior, however, thermal expansion
is a very important aspect if reliability is in the focus.
Although standard materials used in state-of-the-art power
modules (such as copper, silicon, solder, ceramic) exhibit some
temperature dependence in their properties, this variation is
relatively small over the expected temperature range [9] and
is therefore neglected in further analysis. Boundary conditions
imposed on the power module are defined by the operating

point of the converter. The operating point, and in turn
the boundary conditions are given by semiconductor power
losses {pri1+(t), pp14(t),pr1-(t),pp1-(t)} and the cooling
system. Here, it is assumed that the power semiconductor
losses are averaged over one switching period and consist
of conduction power losses p.(t) and switching power losses
Psw(t)

p(t) = pe(t) + psw(t) - 3)

The instantaneous, over one switching period averaged, con-
duction power losses are then calculated by

Pe(t) = ion(t) von(t) d(2) 4

where io,(t) is the current through the semiconductor during
the on-time period, von(¢) is the on-state voltage drop of the
power semiconductor switch and d(t) is the corresponding
duty cycle. The instantaneous switching losses are given by

psw(t) = [Eon(t) + Eoﬂ“(tﬂ fsw- (5)

where E,y,(t) and Eog(t) are the turn-on and turn-off switch-
ing losses, respectively and fy, is the converter switching fre-
quency. For the cooling system of the power module (forced)
heat convection is assumed and the coolant temperature 7,
coolant flow rate QC along with coolant fluid (e.g. air, water,
water-glycol mix) properties define the boundary conditions.
Please note that inside the power module heat conduction
occurs and that heat radiation has been neglected so that on
the boundaries of the module only heat convection occurs.
Using these conditions the coefficient of heat convection of
the power module

h=f(p,c,Te,Qc). (6)

is defined which shows values in the range of 100 to
800 W/(m?2K) for forced air cooling and 1000 to 10000
W/(m2K) for liquid cooling depending on cooling system
design and materials [10]. For FEM simulation, boundary
conditions need to be defined and the following types are
commonly used:

o Fixed temperature 7' = T on the boundary I'gq
(Dirichlet Type BC)
« Fixed heat flux % = qo through the boundary T';

(Neumann Type BC)



« Fixed convection rate a1 + b% = ¢ at boundary I';
(Robin Type BC).

Dirichlet Type BCs are rarely used in thermal modeling
of power electronics. The Neumann Type BC is used for
modeling of heat sources such as semiconductor power losses
and thermally insulated regions of the module while the Robin
Type BC is used to model the convective heat transfer of the
heat sink connected to the power module.

Assuming homogeneous, isotropic, as well as temperature-
independent material parameters in the individual layers of the
power module stack, the governing equation of a thermal FEM
model is

dT(t)

C— = +KT(t) =L 7

where C is the heat capacitance matrix in Ws/K , K is
the heat conductance matrix in W/K, L is the load vector
in W and T is the vector of resultant nodal temperatures
in K. Matrices C and K define the heat capacitance and
heat conductance between mesh nodes, respectively. The load
vector L describes the boundary conditions imposed on the
model. These matrices and vectors are extracted from FEM
simulation software and are later used for assembling the POD
model.

The heat capacitance matrix C is defined by geometry
and material properties and is independent of the boundary
conditions. This matrix is extracted from FEM simulation
software after the geometry and materials have been defined
without the need to perform a FEM simulation. For Dirichlet
Type and Neumann Type BCs, the heat conductance matrix K
is not dependent on the values assigned to the boundaries 'y
or I';,. However, for Robin Type BCs, the value of the edge
elements of K are dependent on the BC value. Therefore, the
matrix K is split into a constant part and a part dependent on
heat convection h

K(h) = Ko + hK. (8)

where Ky and K. are both independent of boundary con-
ditions and can again be extracted without running a FEM
simulation. The load vector L depends on the boundary
conditions

L=P"L,+hT.L. 9)

where P is the vector of heat sources, e.g. given by the
semiconductor power losses (3) to (5). Temperature 7Tt is
the coolant temperature. The load vector L is therefore split
into a heat source dependent part Ly and a part defining the
convection L. to coolant.

In a next step the two vectors L, and L. need to be
determined by a simple procedure. First, all heat sources
are set to zero P = 0W and heat convection is set to
h =1W/(m?K). By simulating this simple arrangement, the
vector L, can be extracted. Then by setting P = 1W, h =
0W/(m?K) and Tc = 0K, the vector L. can be recovered.
Substituting (8) and (9) into (7) a suitable form for (7) is
obtained for POD simulation

C&()—k(K +hK.)T(?)

=PTL,+AhT.L..
dt at

(10)

dT(t) —

It should be noted that by setting
equations in (10) reduces to

= 0, the system of

(Ko +hK.)T=P"'L,+hT.L. (11)

which is the steady-state form of the FEM thermal problem.
Equation (10) or (11) can now be solved for an arbitrary
converter operating point without the need for FEM software
using numerical ODE solvers (e.g. using MATLAB, OCTAVE,
Python, ...).

B. Solution Snapshot Matrix

For application of the POD approach, a solution snapshot
matrix is required. Solution vectors T; are thereto calculated
for boundary conditions that define the corner cases of con-
verter operation. These solutions are subsequently used to form
a snapshot matrix

U=[T; Ty ...

T,]. 12)

A three-phase two-level topology based on IGBT technol-
ogy is used in this work. The basic topology as well as the
structure of the power module is depicted in Fig. 2. It should
be noted that only a half-bridge leg of a power module is
analyzed, as thermal coupling between semiconductor dies of
adjacent bridge legs in a two-level three-phase power module
are very small and can be neglected. The operating points of
interest are shown in Fig. 3 and span the full operating range
of the converter where P, € {PT1+,PD1+,PT1_,PD1_}.
Considering the operating points shown in Fig. 3 for the half-
bridge layout shown in Fig. 2, in total n = 16 solutions are
obtained.
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Fig. 2: (a) Basic structure of the two-level three-phase inverter
topology based on IGBT technology and indicated half-bridge
geometry of the power module with three IGBT chips and
three diode chips in parallel, (b) 2D cross section of the power
module with indicated boundary conditions and (c) wire-frame
geometry of the half-bridge with indicated cross section.
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Fig. 3: Corner case operating points of the half-bridge used
for assembly of the snapshots matrix with indicated operating
range of the half-bridge.

Finally, Proper Orthogonal Decomposition (POD) on the
snapshot matrix is preformed to obtain

U=330" =) 0,¢,%, (13)

i=1
where @ is the POD basis matrix, 3 is a diagonal matrix
containing the singular values of the snapshot matrix and ¥
is orthogonal to ®. Derivation of (13) is omitted here and can
be found in [2]. The basis matrix ® contains all the spatial
information of the snapshot matrix U and can be used to fully
reconstruct the solutions {7y, T3, ..., T, } by substituting (2)
into (10)

d® a(t)
dt

and solving for a(t). The real advantage of POD is, however,
that a reduced basis ®, with order »r << m is chosen. The
resulting system of equations

d®, a,(t)
dt

C + (Ko +hK.)®a(t) =P 'L, +hT. L. (14)

C + (Ko +hK.) @, a.(t) =P T Ly + hT. L.
5)

is computationally much easier to solve due to considerably

reduced system order. Selection of the number of POD modes

r is based on relative energy content €(r) of the reduced order

model -
2i—10i
Li=lt

21:1 0i

where o; is the i-th diagonal element of the singular value

matrix 3 in (13). Usually, the relative energy content given
in (16) is determined heuristically. The number of POD

e(r) = (16)

TABLE I: Half-bridge geometry data.

Dimensions

Component

X y z
IGBT 100 mm 92 mm 120 um
Diode 9.8 mm 51 mm 120 pm
Top Copper 70 mm 43 mm 310 yum
Alumina 70 mm 43 mm 380 ym
Bottom Copper 70 mm 43 mm 2 mm

Silicon
Die Att_ Zicpr

Copper E ?opcu
ALO, — | Cer
Copper:

Z BottomCu

Fig. 4: Half-bridge cross section with indicated materials and
thicknesses.

modes 7 defines the order of the system given in (15) and,
in turn, defines the accuracy and simulation speed of the
reduced order model. Proper selection of used POD modes
r is therefore essential for good accuracy while considerably
reducing simulation speed. In Section IV, the effects of model
order on simulation speed and accuracy are therefore analyzed
in detail.

III. APPLICATION OF POD TO POWER MODULES

After deriving the framework needed for POD thermal
simulation in Section II, POD reduced order modeling is
applied on the half-bridge depicted in Fig. 2 and presented in
this section. The analyzed half-bridge is based on a bridge
leg of a commercially available three-phase power module
with a rated voltage of 750V and a rated current of 660 A
(Infineon FS660ROSA6P2FLB [11]). The half-bridge contains
three paralleled IGBT semiconductor dies as well as three
paralleled diode dies per switch. For thermal modeling of
the power module the geometry data is needed and the
corresponding geometry data of the half-bridge leg is given
in Table I. The full half-bridge power module shows the
size 7T0mmx43mm and a thickness of 2.3mm consisting
of an alumina-based Direct Bonded Copper (DBC) substrate
with copper layers on top and bottom of the ceramic. The
dies are soldered to the top copper layer and corresponding
thicknesses of the die attach layer as well as IGBT and diode
dies are estimated and summarized in Table I. Corresponding
material properties of the power module are estimated as well
and are given in Table II. As stated in the previous section,
for POD thermal modeling, material properties are assumed
to be temperature independent as the relative change in the
target operating range is low ( < 5%). In the following the
applicability, accuracy and speed of the POD ROM approach
is analyzed using 2D steady-state simulation, 3D steady-state
as well as 3D transient simulations.

TABLE II: Material properties of the IGBT half-bridge.

. Density p Thermal cond. o Specific heat cp
Material
aena inkg/m3  in W/(mK) in J/(kg K)
Silicon 2330 130 700
Die Attach 7370 48 180
Copper 8800 400 385
Alumina 3900 27 900




A. 2D Static Results

For validation of the POD reduced order model approach
in 2D static case, a cross section of the half-bridge depicted
in Fig. 2 is taken as the reference geometry (cf., Table I).
Temperature distribution on this domain is calculated both
with FEM and POD ROM for a steady-state operating point
and simulation results are compared in order to verify the
accuracy of POD. The IGBTs T34 are thereto modeled with
losses of P, = 72 W which corresponds to a current of I, =
120 A and an on-state voltage drop of Veeon = 0.6 V. All
other IGBTs and diodes don’t show power losses. A coolant
temperature of 7 of 65°C and a heat convection coefficient
of h = 1500W/(m?K) is used as operating point for the
cooling system.

Based on the theoretical derivation outlined in Section II,
a 2D POD model is here derived for steady-state simulation
of the half-bridge cross section shown in Fig. 2a. Firstly,
the half-bridge cross section geometry (Table I) is modeled
in FEM software and the corresponding material properties
(Table II) are applied to simulation domains. Next, the simula-
tion domain is meshed and heat conductance matrices K and
K are extracted. Finally, load vectors, L, and L are extracted
by performing the required FEM simulations as described
in Section II and a matrix equation in the form of (11) is
obtained. A snapshots matrix U, with four FEM solutions,
is formed by setting hpmin = 1 W/(m2?K), Anax = 2000
W/(m?K), Ppin = 1 W and Py = 80 W. The operating
points selected for generation of the snapshots matrix represent
the full expected converter operating range. POD is then
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Fig. 5: (a) Temperature distribution along the half-bridge cross
section with 72 W of IGBT 734 power loss and A = 1500
W/(m? K) simulated using POD reduced order model with
r = 4 modes, and (b) Simulation error between POD reduced
order model and Finite Element Method with m = 8968 mesh
nodes.

applied to the snapshots matrix U in order to obtain the basis
matrix ® and singular value matrix 3 which can now be used
for reduced order modeling.

Due to thin material layers in the half-bridge structure, a
fine mesh with m = 8968 mesh nodes is required for 2D
FEM simulation. On the other hand, simple geometry of the
half-bridge module allows for a large reduction in the model
order when using POD. Setting e(r) > 99% in (16), a value
of » = 4 is obtained. This corresponds to a reduction of
model order by a factor of 2242. In Fig. Sa the temperature
distribution plot of the obtained POD simulation is given and
in Fig. 5b the error compared to FEM simulation results is
shown. The obtained results are in good agreement, even if
only 4 POD modes have been selected. A maximal absolute
error of max |[Tpop — TrrMm| = 0.17° C is achieved between
FEM and POD simulation which is well within the expected
accuracy of FEM thermal simulations for power modules.

B. 3D Static Results

Similar to the 2D case, also for the 3D static case FEM sim-
ulations of the 3D half-bridge geometry shown in Fig. 2 have
been performed and a reduced order model has been derived
based on the POD approach. Same load points and cooling
condition as for the 2D static simulation have been considered
and the same derivation steps are applied. Both models, the
full FEM model as well as the POD model are simulated
and corresponding simulation results are shown in Fig. 6. The
required FEM mesh for the 3D half-bridge geometry is rather
fine and contains m = 1286 450 nodes. Assuming the same
relative energy content criterion (e(r) > 99%) as for the 2D
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Fig. 6: (a) Temperature distribution on surface of the half-
bridge with 72 W of IGBT 73, power loss and h = 1500
W/(m? K) simulated using POD reduced order model with
r = 2280 modes, and (b) Simulation error between POD
reduced order model and Finite Element Method with m =
1286 450 mesh nodes.
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case, a model order of » = 2280 is obtained. This corresponds
to a model order reduction of 564 times. Similar to the 2D
static case the simulated results are in good agreement and a
maximal absolute error of max |[Tpop — Trem| = 0.72 °C is
achieved between FEM and POD.

C. 3D Transient Results

Derivation of the 3D POD reduced order model for transient
thermal simulation of the half-bridge given in Fig. 2 a is based
on the steps presented in Section II starting with geometry
and material definitions in FEM software. Unlike the static
cases, the equation system describing the transient thermal
behavior is time dependent as shown in (10). Therefore, the
heat capacitance matrix C needs to be extracted from FEM
software next to the heat conductance matrices. In addition, the
load vectors Ly and L, are obtained by applying the boundary
conditions defined in Section II. The snapshots matrix U
that defines the edge-case operating conditions of the half-
bridge is extracted from FEM software by simulating the
operating points depicted in Fig. 3. It should be noted that
the semiconductor powers {PTH,PDH,PTl,,PDl,} are
time dependent for the transient simulation case. For accurate
calibration of the transient POD ROM, the semiconductor
power losses are applied as step functions

P(t) = Pu(t —7) (17)

where P is the DC power value, u(¢) is the unit step function
and 7 is the time delay of the step, selected to be equal to
one simulation time step [5]. Applying POD to the snapshots
matrix U, the basis matrix ® and singular value matrix X are
obtained which are used for reduced order modeling.

For validation of the accuracy of the POD reduced order
model in transient simulations, the junction temperature of a
single IGBT chip T} 114 (¢) is taken as reference. In general,

TABLE III: Foster network parameters of the IGBT T .

n 1 2 3 4
Toyn IN S 0.0297  0.0183  0.0022  0.0687
Ry,n in K/W  0.1086 0.0251 0.0393  0.0216
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Fig. 8: Simulated power loss profile of the IGBT T7j, in
half-bridge arrangement when loaded with a sinusoidal output
current / = 120 A and f = 100Hz at a DC-link voltage of
400V and a switching frequency fsw = 10kHz. Simulated
junction temperature using FEM, POD and Foster lumped
thermal network along with simulated solder layer temperature
using FEM and POD.

the junction temperature of the IGBT chip is not constant over
the whole chip area and in this work the temperature in the
center of the semiconductor die defines the junction tempera-
ture. To be able to better benchmark the achieved results using
POD ROM, the results are compared with FEM simulation and
further with the results of a simplified Foster lumped network
model. The Foster model is derived from FEM simulation by
curve-fitting of the transient thermal impedance Zg 14 _c(¢)
to the lumped model (cf., Fig. 7). A Foster model with four
time constants is used to approximate the thermal behavior and
in Table III the parameters of the Foster model are given.

Additionally, temperature profiles of the die-attach solder
layer are simulated using both the FEM and POD method. The
solder layer is selected for comparison, as it is of interest for
reliability studies of power modules. Unlike lumped thermal
networks, which require a parametrized model for each point
of the simulation domain, the POD method directly provides a
temperature field distribution in the entire simulation domain.
Equivalent ODE solver settings (ODE23tb, 2ms step size
with relative error of le-6) are used for both FEM and POD
simulation in order to eliminate the influence of the solver
on result accuracy. The converter operating point selected
for simulation is assumed to be at peak operating power at
highest coolant temperature 7. The sinusoidal half-bridge



load current

i(t)=TIsin(27 ft) (18)

with an amplitude of I/ = 120 A and a frequency of f =
100 Hz is selected. The converter uses a switching frequency
of fsw = 10kHz and the duty cycle of the half-bridge at this
operating point is

d(t) = % (1+ M sin (27 ft))
at a modulation index of M = 1 and a DC-link voltage of
400V. Based on (3), (4) and (5) and the operating point
parameters, the loss profile is pre-calculated and fed into
the FEM simulation model, POD model and Foster net-
work model. Losses are estimated based on power module
datasheet [11] and module characterization without accounting
for loss temperature dependence.

Comparison of simulated junction temperature profiles, as
well as die-attach solder layer temperature profiles is shown
in Fig. 8. The resulting junction temperature shows an average
value of T, = 95.2°C and a temperature swing of AT} ~
30 °C. Both POD and Foster network simulation results show
good agreement with results obtained from FEM simulation.
The advantage of the POD method is evident in the simulated
solder layer temperature profiles. Unlike the Foster model,
which provides a result for only a single point in space, the
POD simulation generates a full temperature field across the
entire simulation domain. Agreement in solder layer tempera-
ture profiles depicted in Fig. 9 validates the accuracy of POD
simulation for an arbitrary point of the domain.

19)

IV. SENSITIVITY ANALYSIS

In the previous section, POD-based simulations were con-
ducted using a fixed number of modes r, determined empiri-
cally based on the energy content ¢(r) of the singular values.
However, the selection of r significantly impacts both the
accuracy and computational efficiency of the reduced order
model (ROM).

This section examines the trade-off between simulation
accuracy and computational speed as a function of the number
of POD modes (cf., Fig. 9) as well as the influence of the
operating point parameters on overall simulation accuracy
(see Fig. 10). A FEM simulation serves as the benchmark for
assessing the accuracy of POD based ROM. The impact of
the number of POD modes on critical performance metrics,
including

« Energy content compared to full order model e(r)

e Maximum absolute temperature error compared to FEM

simulation max |TPOD — TFEM‘

« Relative speed increase compared to FEM simulation

speed Tiim, rEM/Tsim,POD
is evaluated. The results, derived from three-dimensional
static thermal simulations of a half-bridge power module, are
summarized in Fig. 9 and illustrate the relationship between
model reduction, accuracy, and computational efficiency. The
green-shaded regions denote POD models where the absolute
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Fig. 9: Energy content, max. absolute error and simulation
speed increase as a function of POD model order r.

temperature error remains below one Kelvin compared to the
FEM benchmark

max |TpQD — TFEM| < 1K. (20)

It is interesting to note that POD model order of » = 1550
achieves this error threshold while maintaining simulation
error below 1K, as indicated in Fig. 9, which corresponds
to a model order reduction by a factor of 830. Additionally, at
this model order, 97 % of the energy content of the original
model is retained. The simulation speed increase is measured
to be 942 at r = 1550. The observed simulation speed in-
crease Tgim FEM/Tsim, oD can vary depending on simulation
hardware and software, as well as background computational
processes. To reduce the variability caused by background
processes, results presented here represent the averaged value
of ten independent simulation runs. The variation in the results
is especially large for small values of r.

In order to analyze the influence of operating point parame-
ter variation on the POD model accuracy, 3D FEM simulations
are run for the full expected operating range of the half-bridge:
P € [1,80] W and h € [10,2000] W/(m?K). Simulation
results from only four corner cases are then used to obtain the
snapshots matrix U and a POD reduced order model is derived
based on these corner case results as described in Section II
and in Section III. Next, thermal simulations are preformed
for the full operating range using the POD model derived from
the four corner cases with model order » = 3000. Maximum
absolute temperature error and maximum relative temperature
error are selected as metrics for comparison between FEM
and POD. In Fig. 10, the comparison of the FEM and POD
results is shown based on simulation accuracy with highlighted
operating points used for POD model generation. As can be
observed, the maximum absolute error is below 0.75 °C while
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Fig. 10: (a) Maximum absolute temperature error, and (b)
Maximum relative temperature error in POD simulation com-
pared with FEM at r = 3000 for the full half-bridge operating
range (h € [10,3000] W/(m? K) and P € [1,80] W).
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the maximum absolute error is below 0.2 % which validates
the usefulness of POD as an alternative to FEM in thermal
simulations.

V. CONCLUSION

This paper presented the application of Proper Orthogonal
Decomposition (POD) as a Reduced Order Modeling (ROM)
technique for computationally efficient thermal simulations
of power modules. By leveraging POD, significant speed
improvements have been achieved compared to conventional
FEM simulations, while maintaining an acceptable level of
accuracy. The methodology was validated through 2D and 3D
steady-state as well as 3D transient simulations, demonstrating
that POD can effectively reduce computational complexity
without the need for commercial FEM software for repeated
simulations.

Additionally, sensitivity analysis highlighted the trade-offs
between model order reduction and accuracy, providing guide-
lines for selecting an optimal number of POD modes. The
results suggest that POD-based ROM can be a viable alterna-
tive for thermal simulations in power electronics, particularly
in early-stage design iterations where rapid evaluations are

necessary. Future work will focus on extending the approach
to more complex 3D transient scenarios and a detailed analysis

on the effects of module structure on POD effectiveness.
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