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Abstract

This work presents a new approach for performing a parametric study and examining nonlinear material behaviours of
a coupled thermal-mechanical model of a Power Electronics Module (PEM) by integrating the Finite Element Method
(ANSYS-FEM) with Parametric Model Order Reduction (pMOR). The considered coupling method solves the thermal
and structural models concurrently compared to the widely practised sequential coupling method. Instead of constant
parameter values, which are generally regarded for pMOR studies, the temperature-dependent material properties
of the wire material have been parametrised in the work using the pMOR method. A generalised 2D model has
been regarded here for thermal-mechanical analysis with the pMOR, approach, parametrising temperature-dependent
coefficient of thermal expansion (CTE) and Young’s modulus (E) of the wire material to explore their impact on
wire bonds. The matrix interpolation method has been applied here for the pMOR study, and PRIMA, a Krylov
subspace-based model order reduction (MOR) technique, has been exercised for local model order reductions. A new
efficient process based on the Lagrange interpolation technique has been developed to implement matrix interpolation
in the parametric reduced order model (pROM). The reduced order models (ROM) have a degree of freedom (DOF)
of just 8, compared to the full-order models’ (FOM) of 50,602. The pROM provides an excellent solution and reduces
computational time by 84% for the presented case.
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1. Introduction

Modern technologies are constantly advancing, making
engineering projects complex and expensive. Engineers
often face challenges in ensuring the reliability and pro-
tection of these technologies. Engineering disciplines such
as space travel, aeronautics, and nuclear applications re-
quire special attention to reliability and safety. Analysts
and designers use mathematical models to simulate the
working principle of complex physical systems, and these
models are highly in demand for reliability assessments.

Nowadays, the most exercised computational method
for solving PDEs is the Finite Element Method (FEM).
However, FE computing requires complex and extensively
high-dimensional systems to be solved. Therefore, to
reduce the complexity of the physical problem and its
simulation time requirements, the dimensions of these
systems must be reduced as a practical computing solution.
Modal truncation (Davison, 1966; Grimberg et al., 2020),
which delivers adequate approximate models, and Krylov
subspace-based model order reduction (MOR) methods
are generally used in practice, but Krylov subspace-based
approaches are comparatively more automatic (Freund,
2003; Panagiotopoulos et al., 2020).
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Thermal behaviours of electronic components have se-
vere effects on their operation and reliability, and thermal-
elastic degradation is one of the most important causes of
the dissipation of these devices (Choi et al., 2010; Paret
et al., 2023). Hence, it is fundamental to carry out coupled
thermal-mechanical analysis for reliability assessments of
electronic systems.

Using MOR methods for thermal analyses can substan-
tially decrease computation time for reliability predictions.
Liu et al. (2012) formed a strategy to utilise the Krylov
subspace-based MOR method for simulating the thermal
distribution of an AC/DC converter assembly of an EV
(Electric Vehicle). Codecasa et al. (2018) presented a
MOR-based boundary condition independent (BCI) dy-
namic compact thermal model (DCTM) fitted to define
multiple heat sources examining a PoP (Package on Pack-
age) two-die assembly and an IGBT-based power module.
Rogié et al. (2018) presented a reduced order model of BCI
DCTMs utilising the FANTASTIC matrix reduction code,
demonstrating the approach on a single-chip (QFN16)
and a dual-chip (DFN12) package. Bissuel et al. (2019)
informed a reduced compact model, with the help of the
Modal approach and optimization, to simulate the thermal
distribution of electronic boards. Codecasa et al. (2020)
offered a MOR-~based BCI CTM using the FANTASTIC
code adept of coupled analysis to the thermal ambient
environment and designed a PoP system.



Coupled systems are relatively complex and have higher
dimensions, and reduced order modelling approaches are
highly regarded to overcome computing requirements. Ra-
jaguru et al. (2020) used Krylov subspace-based MOR
techniques to a submodel of an IGBT power electron-
ics module (PEM) for examining stress distribution and
thermo-mechanical loading. Rajaguru et al. (2021) de-
scribed a MOR method to reduce a full order model of
an electro-thermal model of wire-bond structures, exhibit-
ing that rational Krylov is comparatively better for such
models, and also presented a linear-damage and fatigue
analysis.

Parametric studies need a series of simulations as model
parameter change is required, and reduced order modelling
approaches can significantly decrease its computing time.
Feng et al. (2016) examined a multi-moment-matching
pMOR approach for thermal and electro-thermal inves-
tigation of nanoelectronic structures and further evalu-
ated the automated process of the reduction method. ter
Maten et al. (2016) formulated pMOR, methods, follow-
ing the superposition principle, for simulating coupled
electromagnetics-heat models. Bouhedma et al. (2020)
built a parametric reduced order model via the Arnoldi
approach to construct an improved geometry of a Piezo-
electric Energy Harvester. Schiitz et al. (2021b) carried
out a parametric study using three magnetostatic FEM-
based models, i.e., a lookup table (LT), a semi-analytical
compact model (ACM), and a parametric ROM created
using matrix interpolation approach and executed these
parametric analysis methods for a control circuit of an elec-
tromagnetic system. Yuan et al. (2021) delivered an opti-
mized FE model of a thermoelectric generator and its com-
pact ROM employing multivariate moment-matching and
matrix-interpolation-based automatic pMOR. approaches.

As nonlinear analysis provides an elaborated detail of
a system, it is highly regarded for precise modelling, but
the computational time requirements are relatively higher
in nonlinear analyses, and reduced order modelling offers
a reasonable solution. Schiitz et al. (2021a) proposed a
process to investigate the FE model of a microsystem
architecture with nonlinear input and applied MOR to
the model. Scognamillo et al. (2021) performed an electro-
thermal study of a power module considering a nonlinear
thermal effect and utilising the FANTASTIC tool. Schiitz
& Bechtold (2023b) presented three numerical scenarios
of MEMS micro-actuators, describing the nonlinear be-
haviour of the system. In the latest research (Hassan
et al., 2023a,b), thermal-mechanical PEM models have
been considered for parametric studies by parametrising
its temperature-dependent wire material properties and
examining its nonlinear plasticity behaviours with the
pPMOR approach.

Most above-referenced MOR, and pMOR studies anal-
ysed the coupled thermal-mechanical models using the
sequential-coupled method. On the other hand, direct-
coupled thermal-mechanical modelling approaches are
more practical and offer better solutions. Therefore, a
direct coupled thermal-mechanical model that can solve

both the thermal and mechanical models concurrently has
been exercised for the presented work. In addition, prior
pMOR investigations mainly focused on parametrising
non-temperature-dependent material properties, which do
not describe the natural behaviours of materials. Thus, in
this parametric study, the temperature-dependent mate-
rial properties, i.e., coefficient of thermal expansion (CTE)
and Young’s modulus (E) of aluminium (Al) alloy wire
in the PEM have been parametrised. The parametric re-
duced order model (pROM) has been integrated with the
FEM (ANSYS-FEM) to examine the nonlinear plasticity
of these wires. For the current pROM, the matrix inter-
polation method has been implemented with the Krylov
subspace-based MOR approach PRIMA. A new matrix in-
terpolation technique based on the Lagrange interpolation
method has been developed for the pMOR approach.

2. Mathematical Formulations

2.1. Parametric Full Order Model (pFOM)

The parametric full-order model (pFOM) has a state-
space representation that can be expressed as (Panzer
et al., 2010; Yuan et al., 2021):

E(pi)z(pi,t) = A(p:)z(pi,t) + B(pi)u(p;, 1)

(1)
y(pi,t) = C(pi)x(pi,t)
E(p;),A(p;)) € RNM*YN signify system matrices with
B(p;) € RY*M input matrix and C(p;) € RP*Y output
matrix and reliant on parametric points, p;. u(p;,t) €
RM y(p;,t) € RY and x(p;,t) € RY are parametric
points, p;, and time, ¢, dependent inputs, outputs, and
states of the system, respectively. p; represents the vector
of parametric points for the model, here : = 0,1, ...k with
k indicating the number of design points considered for
the study.

2.2. Projection-based Model Order Reduction (MOR)

The local full order model (FOM) of (1), which does not
depend on the parametric points (p;), has the state space
expression, and can be defined as (Panzer et al., 2010;
Yuan et al., 2021):

Eg(t) = Az(t) + Bu(t) @)
y(t) = Cx(t)

Here, the system (E, A € R¥*N) input (B € RV*M)
and output (C € RP*N) matrices do not depend on
parametric points (p;). The inputs (u(t) € RM), outputs
(y(t) € RP) and states (z(t) € RY) of the system only
depend on time (¢). N € N is the order of the full-order
system, and it is substantially high.

Using the model order reduction (MOR) technique,
the reduced order model (ROM) of the system in (2) is
achievable and can be stated as (Panzer et al., 2010; Yuan
et al., 2021):

Ei. (1) = Az, () + By, (1)

v (t) = Craz, (1) (3)



The reduced matrices in (3) have been attained using
the Krylov subspace-based MOR algorithm, PRIMA, and
through the subsequent processes: E, = VIEV, A, =
VTAV, B, = VB and C, = CV (Odabasioglu et al.,
2003; Race et al., 2022). The reduced system matrices,
E., A, € R?*? input matrix, B, € R?*™_ and output
matrix, C, € RP*? have significantly lower order, i.e.,
q < N, and have been realised utilising the transformation
matrix V' € RVX9, The transformation matrix (V) has
been achieved via the transfer function of the local FOM
in (2). The transfer function of the local ROM in (3) is
determined per the reduced order matrices. The transfer
functions of local FOM in (2) and local ROM (3) can be
articulated as (Odabasioglu et al., 2003; Race et al., 2022):

(4)
()

Y(s)= C(sE — A)"'B
Y,(s) = C,(sE, — A,)"'B,

2.83. Interpolation of Sparse Matrices

Considering all the sparse matrices of FOM in (2) as X =
E A, B, it is possible to get the state space model in (1)
by executing the linear matrix interpolation method as
(Panzer et al., 2010; Schiitz & Bechtold, 2023a):

X (pi) = X (po) +w(p:) [X (pr) — X (po)] (6)

Here, w(p;) is the weighting function, and the values of
w(p;) are determined by exercising the linear interpolation
method. However, while considering several parametric
points for sampling, a multi-linear matrix interpolation
method is essential (Hassan et al., 2023a). In this work,
i =20,1,....,k and k = 6, with three sampled parametric
points. A new matrix interpolation technique, previously
reported in (Hassan et al., 2023b), based on the Lagrange
interpolation method has been implemented for the current
investigation, and it can be expressed as:

X (pi) = wo(pi) X (po) +wi (pi) X () + wi X (pr)
(7)
Values of the weighting function, w(p;), are governed using
the Lagrange interpolation method.

2.4. Parametric Reduced Order Model (pROM)

A parametric reduced order model (pROM) has been
formed using the matrix interpolation technique in (7)
with the reduced order modelling approach in (3), and the
pROM can be stated as (Panzer et al., 2010; Yuan et al.,
2021):

E,.(p;)&,(pi,t) = Ar(pi)xr(pi, t) + By (pi)u,(pi, t)
yr(pi, t) = Cr(pi) e, (piy t) @
8

The generalised trapezoidal rule (GTR), a transient anal-
ysis solution method, has been exercised to resolve the
pROM established in (8) (Hughes, 2012; ANSY'S, 2023).
The generalised trapezoidal rule is usually used in FE
modelling to perform transient analysis of the state-space
model (first order), i.e., (8).

2.5. Parametric Thermal-Mechanical Model

The finite element method (FEM) discretised coupled
thermal-mechanical model is a second-order system. The
parametric thermal-mechanical model in its state space

form can be represented as (Lohmann & Salimbahrami,
2005; ANSYS, 2023):

M (p:)z(pi,t) + D(pi)2(pi,t) + K(pi)z(pi,t)
L(p;)z(pi,t)

M (p;), D(p;), K(p;) € R G(p;) € R™M  and
L(p;) € RP*™ are mass, damping, stiffness, input, and
output matrices, respectively, and the order of this system,
n, corresponds to the order of pFOM in (1) as 2n = N.
u(pi,t) € RM y(p;,t) € RY and z(p;,t) € R are the
inputs, outputs, and states of the parametric thermal-
mechanical model. The matrices in (9), the parametric
thermal-mechanical model, can be further elaborated as
(Hughes, 2012; ANSYS, 2023):

e[ Yo-ls

y(pit) =

0 Kt
]
(11)

M, correspond to structural mass matrix. D! denotes
thermal-specific heat matrix. K,, K* and K! indicate
structural and thermoelastic stiffness and thermal con-
ductivity matrices, respectively, with K** and K¢ rep-
resenting thermal conductivity matrices of material and
convection surfaces. F'* and @ signify mechanical and
thermal load vectors. z,; and T are potential displace-
ment and thermal vectors.

The parametric thermal-mechanical model in (9) has
been transformed into the parametric state space full order
model (pFOM) in (1) as (Lohmann & Salimbahrami, 2005;
Hassan et al., 2023a,b):

o w B[ BIE e,

y=[L 0 ?]

0 o 0o D!
[P L TEa] L [Fe] L
o= [o] == [F] - [7] =

with, K'= K"+ K'

-5 %)

(13)
Here, F € R™*" is an invertible matrix and F' = I,, for
the considered model. I, € R™*™ depicts an identity
matrix.

3. Power Electronics Module (PEM)

For this study, a direct coupled thermal-mechanical inves-
tigation of a general two-dimensional power electronics



module (PEM) model has been conducted. The PEM is
a 9iC-based module. The PEM structure utilised for the
examination is illustrated in Fig. 1. ANSYS-FEM has
been used to construct and discretise the PEM model, and
Al (alloy) has been considered for the wire material in the
PEM structure, parametrising its temperature-dependent
material properties with the pMOR approach.

3.1. FEM Model

This study performs a direct coupled and transient
thermal-mechanical analysis using the FEM. In the model,
SiC bodies are imagined as heat sources of the PEM struc-
ture. Hence, isothermal boundary conditions have been
set to these bodies with a maximum normalised temper-
ature value of Ts;c, = 1 (marked as A in Fig. 1). The
baseplate’s (Cu) bottom surface is assumed to be exposed
to a fluid zone. Therefore, it has a convection bound-
ary condition (Scognamillo et al., 2021). A maximum
normalised convection coefficient of he,, = 1 and a maxi-
mum normalised ambient temperature of T, = 0.167 has
been set for the convection boundary condition (marked
as C in Fig. 1). For the mechanical boundary condi-
tions, one vertex in the bottom-left corner and another
vertex in the bottom-right corner of the baseplate (Cu)
(marked as B in Fig. 1) are assumed to have no defor-
mations, so fixed support boundary conditions have been
applied to these vertices (Xu et al., 2014; Jgrgensen et al.,
2021). The boundary conditions are set based on widely
practised boundary conditions and reported thermal and
deformation profiles in the literature. It is a transient
simulation with ramped loading steps; this ramped load-
ing is to create an accelerated thermal loading for the
power module structure. A total of 10 loading steps
have been evaluated for the simulation, as illustrated
in Fig. 2, considering varied temperatures and convec-
tion coefficients for the heat source and convection sur-
face. Most parameter data are presented in a normalised
(non-dimensional) format to present a generalised anal-
ysis instead of a problem-specific study. Temperatures
and convection coefficients are normalised by dividing
their value by the maximum regarded temperature for the
heat source (Ts;c,,) and the highest convection coefficient
(he,,) deemed for the convection boundary condition, re-
spectively, i.e., TS'L'C'N = TSiC/TS'L’CMa TCN = TC/TSZ'CMa
and th = hc/th.

Data for material properties have been sourced from
the ANSYS booklet by Ashby (2016). The nonlinear plas-
ticity of the wire material, Al (alloy), has been modelled
with power hardening law, which is based on Gurson’s
model and is specified as (Gurson, 1977; ANSYS, 2023):

— (U_Y + ﬁgp> Ns

go g0

gy 14
e (14)
oy and o( represent current and initial yield strengths. G
denotes the shear modulus, and Ng represents the stress
ratio. P describes microscopic equivalent plastic strain,

and it is expressed as (Gurson, 1977; ANSYS, 2023):

~p o:eP

T 0-hHov (15)

eP signifies the microscopic plastic strain tensor, with -
denoting its rate change, and o represents the Cauchy
stress tensor, while : corresponds to the inner product
between these two tensor variables. f stands for porosity.
The values for initial yield strength (i.e., normalised initial
yield strength = initial yield strength/yield strength = 1.0)
and exponent (0.134) have been set following the methods
communicated in Wierzbicki (2023); ANSYS (2023).

3.2. Grid Independence Study

A grid independence test has been conducted exploring
two different mesh sizes to assess the consistency of the
model (Lachance-Barrett & Alexander, 2018). Normalised
temperature (T) and total deformation data (Uy) along
a line in the PEM structure have been reported in Fig. 3
for considered meshes. The results are normalised as:
Ty = T/Tsic,,, where T is the obtained temperature;
Un = U/Uyps, where U is the obtained deformation, and
Uy is the maximum deformation in the PEM structure
for the current case. The considered line for probing these
results is a vertical line across the PEM structure covering
a wire bond to the baseplate, displayed in Fig 3a. The
results show minimal differences in the temperature data,
and deformation data has some changes for different mesh
sizes, but they still agree well. Mesh 1 consists of 8,843
nodes and 7,813 elements, while Mesh 2 includes 5, 347
nodes and 4, 539 elements. Mesh 1 and Mesh 2 have an
“outstanding” average orthogonal quality of 0.99, based
on the classifications informed by Lachance-Barrett &
Alexander (2018); Hassan et al. (2022).

3.3. Parametric Points

The Al (alloy) wires in the PEM structure have the
properties of temperature-dependent coefficient of ther-
mal expansion (CTE,;) and Young’s modulus (E4;). In
this work, CTE,4; and E4; have been parametrised for
the parametric analysis. For the presented parametric
analysis, seven uniformly spaced parametric points (p;),
shown in Fig. 4, have been taken into consideration to
implement pMOR with the matrix interpolation method.
So, the temperature-dependent CTE 4; and E4; values
change uniformly, corresponding to the parametric points.
Fig. 5 shows the temperature-dependent CTE 4, (nor-
malised CTE 4;) change according to parametric points,
and E 4;,, (normalised E 4;) values are changed by 0.04 nor-
malised unit for each parametric point. Here, the values
are normalised as: CTE;,, = CTE4;/(2.3 x 107°°C1),
Eaiy = Eai/(yield strength) a;, and Ty = T/Tsic,, -

3.4. Reduced Model

The parametric full order model (pFOM) in (2) has a total
degree of freedom (DOF) of N = 50,602, whilst the para-
metric reduced order model (pROM) in (7) has a total DOF



Figure 1: 2D-plane of the power electronics module structure.

of just ¢ = 8. Therefore, the pROM can be computed much
faster than the pFOM. On the local level, seven ROMs
have been solved for the global parametric reduced order
model (pPROM), and these local ROMs have been solved
during one pROM simulation. On the other hand, for the
Full Order Model (FOM), which is the traditional method
and uses full order system matrices for calculations, only
three local FOMs have been solved for result verification
purposes and required time estimation purposes. The
pROM required t,ron, = 0.16 normalised time to solve,
including the process of order reduction of matrices, com-
pared to pFOM’s t,ronm, = 1 normalised time. Simula-
tion times are normalised as: t,romy = tprom/tpron;
tproMy = tproMm/tprom, here typon and t,ronm are
time required for pFOM and pROM to solve. Hence,
utilising the pMOR. approach, a remarkable 84% reduc-
tion in computational time has been achieved. This 84%
reduction time includes time for order reduction of sys-
tem matrices to form the global parametric reduced order
model (pROM) and the solution time of this pROM. The
compared time is the required time to run the MATLAB
code for parametric reduced order modelling processes and
reported MAPDL elapsed times in ANSYS, maintaining
consistency in the solution procedures.

A flow chart in Fig. 6 summarises the process of cre-
ating the pROM with the pMOR approach. The FEM
discretisation of the PEM model and the extraction of
matrices for three sampled parametric points (pg, p3, and
pe) have been done with ANSYS. Then, matrices and
MATLAB have been used to develop the pROM per the
presented pMOR, approach.

3.5. Results and Discussions

Verification of pROM in contrast to pFOM is required
to confirm that established pROM is a suitable model.
The current thermal-mechanical model’s unknowns, i.e.,
DOFs, are temperature and directional deformations. A
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comparative visualisation between pFOM and pROM of
the normalised temperature (T ) and total deformation
(Un) distribution data in the PEM structure has been
shown in Fig. 7. Temperature and Total Deformation
are normalised as: Ty = T/Tsic,,; Un = U/Ups, here,
T is the resultant temperature, U and Uj; are Total
Deformation ovserved and its maximum value. Fig. 7
assesses the outcomes from the parametric point pg. The
comparison demonstrates that pROM has been successful
in approximating pFOM.

Fig. 7a and 7b shows the temperature distribution in
the PEM structure, and it is observed that the wire bond
site encounters the highest temperatures, matching with
the heat source. The temperature values for the PEM
structure have a minimal difference between the pFOM
and pROM solutions. Focus has been put on this wire
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Figure 6: The organizational process to build the pROM.
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Figure 7: Normalised Temperature and Total Deformation distribu-
tion from pFOM and pROM solutions in the left part of the PEM
structure for the parametric point pg.

bond site for presenting results.

The wire in the PEM structure faces the highest de-
formations, as illustrated in Fig. 7c and 7d, and the wire
bond site exhibits notably high deformation distributions.
The pROM’s total deformation result is in excellent agree-
ment against pFOM, with approximately a 0.1% difference
in the peak value. The predicted highest deformation dis-
tribution in the wire body is expected.

Fig. 8 demonstrates the normalised equivalent (von-
Mises) stresses (0,, ) around a wire bond site in the PEM
structure. Here, o,, = 0,/(yield strength) a;, and o, is
the attained von-Mises stress. pFOM vs pROM solutions
can be assessed from Fig. 8a and 8b for the parametric
point pg. The stress data establishes that pROM can
successfully approximate the outcome of pFOM, and the
PMOR method is appropriate for reliability modelling-
centred design exploration studies.

Fig. 9 exhibits normalised equivalent (von-Mises)
stresses along a line in the wire body. The line in Fig. 9a
for probing is in the wire bond site, as it is a signifi-
cant site for inspection (Nwanoro et al., 2023). Fig. 9b
compares stress results obtained from pFOM and pROM



1.0925 Max
0.97612
0.85971

Al (alloy) Wire

Wire-Bond Region (Left Side)

siC
(Left Side)

(a) pFOM solution.

1.0925 Max
0.97611
0.85971

Al (alloy) Wire

Wire-Bond Region (Left Side)

0.62689

sic
(Left Side)

(b) pROM solution.

Figure 8: Normalised Equivalent (von-Mises) stress around the wire
bond (left side) of the PEM structure for the parametric point pe.

solutions for the parametric point pg along the probing
point (path/line). The mean difference in the stress results,
shown in Fig. 9b, is < 1% for this considered parametric
point. Stress data acquired by the pROM solution for
all parametric points have been illustrated in Fig. 9c. It
is seen here that normalised stresses are > 1 for all the
parametric points, which indicates that these stresses ex-
ceed the yield strength of the material, and so permanent
damages to the wire bond site are anticipated for studied
scenarios.

Fig. 10 compares the contour of normalised equivalent
plastic strain (e;) obtained through pROM and pFOM
solutions in the wire body (left side) for the paramet-
ric point pg. The plastic strain data are normalised as:
ey = €P/eeq; here, eP represents occured plastic strain
and e, is the equivalent total strain observed for corre-
sponding parametric points (p;). The difference between
these two results is minor, and pROM can successfully
predict a similar outcome as the pFOM. The equivalent
plastic strain results represent the degree of work hard-
ening, i.e., inelastic deformation behaviours in the wire
material. It is evident from the figure that most of the
plastic work occurs in the wire bond region, including
maximum plastic strain and this region is most likely to
face degradation. The maximum normalised equivalent
strain results obtained by the pROM are reported in Ta-
ble 1 for all considered parametric points. To further
verify pROM results, Table 1 also shows the strain results
obtained by pFOM for parametric points ps, ps, and ps.
It is seen from the table that pROM results have minimal
errors compared to the pFOM results. The maximum
normalised equivalent strain ranges from 0.1872 for p; to
0.4061 for pg.
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(a) Normalised Equivalent (von-Mises) stress, obtained by
the pROM solution, along the probing point (line/path) in
the PEM structure for a parametric point pg.
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by the pROM solution, for all the parametric points.

Figure 9: Normalised Equivalent (von-Mises) stress along a probing
point in the wire bond site (in the wire body) of the PEM structure.

3.6. Error Analysis & Optimal Order

The approximate local and parametric reduced-order mod-
els in (3) and (8) have some errors corresponding to their
full-order models. These errors can be calculated using
the transfer functions shown in (4) and (5) as the following
(Fehr & Eberhard, 2010; Aumann & Miiller, 2023):
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Figure 10: Normalised Equivalent plastic strain in the wire body
(left side) of the PEM structure for the parametric point pg.

Table 1: Maximum normalised equivalent plastic strain in the wire
body (left side) of the PEM structure for all the parametric points.

Parametric Maximum Normalised
Points Equivalent Plastic Strain

pFOM pROM
Po — 0.1872
P1 — 0.2338
P2 0.2754 0.2753
P3 — 0.3126
P4 — 0.3461
Ps 0.3768 0.3764
Ps 0.4061 0.4061
_ Y Pi,S _YT Pi,S

€(pi,s) = ¢ ||Y)(pi,s)(|| Al (16)

The errors in pROM, correlated to the pFOM, have
been presented in Table 2 for a considered parametric
point (pg). Three reduced order values have been in-
vestigated to find an optimal order for the current para-
metric modelling. The table shows that increasing the
reduced-order value from 6 to 8 changes the errors no-
ticeably. However, changing the order of the model to
10 exhibits a slight difference in the errors. Hence, order
8 can be reasoned as the optimal order for the reduced
model, and this reduced order has been selected for the
presented pMOR study. Additionally, Table 2 compares
two MOR algorithms, PRIMA and Arnoldi. In accuracy,
both algorithms show similar errors compared to FOM.
However, reduced-order modelling with the PRIMA al-
gorithm is more time-efficient. The required time data
are normalised as: tronmy = trom/troa; here, tron

represents the time required for reduced-order modelling
and tpops is the time for full-order modelling for the
considered parametric point (pg).

Table 2: Error and required normalised time for reduced-order vs.
full-order modelling for the parametric point pe.

Order, Error, €(ps,s) Time, troumy

ROM | PRIMA or Arnoldi | PRIMA | Arnoldi
6 5.3836 x 107© 0.14 0.21
8 2.3627 x 1076 0.14 0.25
10 2.1414 x 1078 0.18 0.30

4. Conclusion

A general coupled thermal-mechanical model of a power
electronics module has been investigated in this work by
demonstrating a new way of performing parametric studies
and rate-independent non-linear material behaviour anal-
yses of its wires with parametric model order reduction
(pMOR) and finite element method (FEM). Temperature-
dependent values of the coefficient of thermal expansion
and Young’s modulus of the wires have been parametrised
for the parametric study, and non-linear plasticity be-
haviours have been studied for the non-linear analysis.
The Krylov subspace-based MOR algorithm PRIMA and
the matrix interpolation method have been utilised to
execute the pMOR approach and achieve the paramet-
ric reduced order model (pROM). A new interpolation
technique, based on the Lagrange interpolation method,
capable of swiftly implementing the matrix interpolation
for several sampled parametric points, has been proposed
in this work. Presented pROM demonstrated a simulation
time reduction of 84% while retaining its prominent level
of accuracy compared to its pFOM. The pMOR technique
can offer a very efficient and accurate pROM to carry out
thermal-mechanical reliability analysis-based parametric
studies of large-scale models. The focus of future studies
will be on integrating pMOR with FEM (ANSYS-FEM) to
study rate-dependent non-linear behaviours of materials
in power electronics module structures, which are vital for
better reliability assessments.
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