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Overview of Digital Design and Finite Element
Analysis in Modern Power Electronic Packaging

Asger Bjgrn Jgrgensen, Stig Munk-Nielsen and Christian Uhrenfeldt

Abstract—Wide band gap semiconductors require packaging
with reduced parasitic inductance and capacitance. To achieve
this, new packaging solutions are proposed which increase
integration. This causes difficulty in measurement of voltages,
currents and device temperature, and therefore designers must
rely more heavily on simulations to gain insight in the operation
of the developed prototypes. Additionally, the use of digital
design may reduce the number of physical prototype iterations
and thereby reduces development time. Gaining fidelity of 3D
multi-physics simulations, reduced order modelling and system
simulation aids in the design of working prototypes and pushes
performance of new power modules based on wide band gap
semiconductor devices. This paper provides an overview and
discusses the recent advances in the use of finite element analysis
and simulation tools within the topic of power module packaging.
The main aspects covered are extraction of electrical parasitics,
simulation of transient thermal response and issues related
to evaluation of electric fields. An example of a simulation
software roadmap is presented which enables accurate electro-
thermal simulation of new packaging structures that combine
conventional power module technology with integrated printed
circuit boards. The future challenges for utilizing the potential
of digital design are discussed.

Index Terms—TFinite element methods, Design methodology,
Semiconductor device packaging, Circuit simulation.

I. INTRODUCTION

IGITAL design is receiving increasing attention from

power module packaging and power electronic converter
engineers. Digital design is the concept of using comprehensive
simulations to accurately predict operation and rapidly improve
the design, in contrast to building several physical prototypes
to observe system performance. A reason for the increased
interest in digital design, is attributed to research involved in
the transition from using traditional silicon (Si) semiconductor
devices to new wide bandgap (WBG) power semiconductors,
based on materials such as silicon carbide (SiC) and gallium
nitride (GaN). A key potential in the use of WBG semicon-
ductor devices is reduced switching times and thereby lower
losses, but this can only be achieved if the WBG devices are
properly packaged and integrated in new compact packaging
solutions [1], [2]. In recent years, several compact solutions
have been proposed, such as: semiconductor dies embedded in
printed circuit boards (PCB) [3]-[6], integrated direct bonded
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Fig. 1: An example of FEA by approximating a geometry
with mixed boundary conditions into a number of simpler sub-
domains which is easier to solve. 7' is temperature, P is power,
q is heat flux and h is the heat transfer coefficient.

copper (DBC) modules [7]-[11] or hybrid structures combining
PCB, integrated circuits (ICs), semiconductor and DBCs into
a single switching cell [12]-[16]. The common goal for these
packages is to obtain a low inductance power module capable
of operating at high power and typically rated for voltages of
650-1200 V. In any case, the result is that many crucial parts
are in closer proximity with one another and multi-physics
coupling effects become more prominent.

The mathematical expressions describing many of the physi-
cal phenomena such as thermal transport, electromagnetic fields
and mechanical stress involve solving of partial differential
equations. Such equations give the exact solution over a
domain, but are also difficult to solve once the problem
complexity increases, such as the representation of a real world
problem including: advanced 3D geometries, mixed boundary
conditions and varying material properties. Finite element
analysis (FEA) is useful to solve and study such problems.
The basic idea of FEA is to split the domain into smaller
simple sub-domains called finite elements, as shown in Fig. 1,
which are easier to solve for. The result is only solved at the
nodal points, and thus piecewise continuous functions are used
for interpolation, to approximate the value throughout the full
domain. The size of the discretized elements, often referred to
as the mesh, is flexible, such that it allows using more points
in regions where steep gradients of variables are expected or
higher accuracy is desired. Using multi-physics FEA simulation
software to study problems such as electromagnetic fields or
thermal behavior have become even more valuable for the
designers of power module packaging or power PCBs for a
number of reasons.

Difficulty of measuring: To utilize the fast switching
speed of SiC and GaN, the inductance of commutation and
gate loops are as low as only a few nH. This requires that
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the WBG devices are highly integrated in compact power
modules, which causes difficulty in getting measurements of
voltages and currents. Most current sensing techniques are
intrusive, meaning that they need to be inserted in or around
the current path, resulting in the addition of several nH to the
commutation loop [17]-[19] and thereby might deteriorate the
fast switching performance. The compactness of many new
power modules and integrated packages causes difficulty in
measuring internal states such as gate-source voltages, supply
voltages or device temperatures. Similarly, identifying issues
such as cross-coupling between internal PCB layers or ground
plane bounce is difficult. In these cases the use of FEA might be
the only solution to obtain such information about the design.

Accuracy of measurements: Even in the cases where
measurement of voltages and currents of the WBG devices
is possible, the accuracy of these measurements is of concern.
Due to the compact layouts, resonance frequencies in power
loops are increasing, and are excited due to the high dv/dt
and di/dt associated with steep transients during switching
events. The frequency content exceed several hundreds of
MHz which is approaching the limits for many >500 V
probes which typically have a bandwidth in the range of
100-200 MHz for differential probes [20]-[22] and 400-500
MHz for passive probes [23]-[25]. Thus, as the limits of the
equipment is approached, designers might start to lose trust
in the measurements. Accurate simulations are a solution to
regain trust, by adding another layer of validation to ensure
that experimental measurements are correct.

Computing power: Using FEA to study such multi-
physics problems on complex geometries have become more
easily accessible. A major reason is that the number of available
calculations per second is continuously increasing meaning
reduction in simulation time. Combined with an increasing
size of the memory, this allows even large and complex
geometries to be studied. Engineers have often been required
to simplify the problem and reduce the geometry to minor
parts or two-dimensional (2D) cross-sectional studies, to reduce
the simulation time and being able to store the problem in
memory. Understanding the physics and having knowledge on
a simplified model is important and cannot not be understated.
However, it also limits the trust of how well the simplified
model actually predicts the real-world behavior. The availability
of desktop computers with quad/octo core CPUs and memory
often in the range of 32 to 128 gigabytes means original
geometries are solved for various physics with only minor
simplifications.

This paper provides an overview of the simulation tools
used to study the most common physics involved in the design
of power module packaging. Key benefits for using power
module packaging when compared to discrete packages include:
reduction of electrical parasitics, improved thermal design and
operation at high electric field strengths. Thus, electromagnetics
parasitics extraction is covered in Section II. Calculation
of thermal impedance and thermal coupling is described in
Section III. Simulation of electric field density is discussed in
Section IV, respectively. A main focus of the paper is reduced
order modelling to allow combination of the obtained FEA
results in an efficient multi-physics simulation environment.

The recent advances within each topic are discussed in regards
to power module packaging. In Section V the concept of digital
design is discussed and a multi-physics simulation software
roadmap is proposed, which allows for simulation of compact
integrated power modules combining both PCB and DBC in
a single switching cell. Future work is covered in Section VI.
Finally the paper is concluded in Section VII.

II. ELECTROMAGNETIC FINITE ELEMENT ANALYSIS

This section introduces the foundation of electromagnetism
described by Maxwells coupled set of partial differential
equations. This is followed by a brief discussion of various
simulation software and how the equations are manipulated
to allow solving for a given type of problem. In recent
years ANSYS Q3D Extractor has been one of the most
popular finite element method (FEM) software tools used for
extracting electrical parasitics within power module packaging.
In literature various approaches are used when working with
ANSYS Q3D Extractor, and these approaches are categorized
and discussed. Finally the use of extracted lumped electrical
parameters in circuit simulators is presented.

Including of electrical parasitics has become more important
as device sizes shrink, because the relative influence of the
packaging becomes more prominent. In general, it is desired
to reduce the electrical parasitics to enable an increase of dv/dt
and di/dt during switching. However, new problems arise as
gate and power loops are reduced to similar low values in
parasitic capacitance and inductance, meaning that the loop
resonance frequencies start to merge. As described in literature
for high dv/dt operation of new WBG devices, they are prone to
enter a self-sustained oscillating state if the size of parasitics are
not controlled [26]-[29]. Thus packaging of the WBG devices
is not simply a question of making the most compact layout,
but also requires an in-depth understanding and analysis of the
paths created by parasitic elements.

Fundamentally, all of the electromagnetic phenomena are
described by Maxwells equations listed in a typical form as
shown in (1)-(4).

V-D=p (1
V-B=0 2)
0B
oD

A quick summary of Maxwells equations is given. Gauss’
law (1) is relating the propagation of electric flux density, D,
from the distribution of electric charge density, p. It describes
how electric field lines begin on positive electric charges
and terminate at negative charges. Gauss’ law for magnetism
(2) states that the magnetic field, B, does not begin or end.
Faradays law of induction (3) defines how a time varying
magnetic field induces an electric field E. Finally Ampere’s
law with Maxwells addition (4) describes that a magnetic flux
density H is generated in two ways, either by an electric

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2020.2978584, IEEE

Transactions on Power Electronics

current density, J, or by a changing electric flux density, D.
The latter is often referred to as the displacement current.

For isotropic linear dielectrics and magnetic materials, the
electric field E and magnetic field H are related to the electric
flux density D and magnetic flux density B as

D =¢E (5)

(6)

where e is the permittivity and p the permeability. The
assumption of isotropic materials is often used as it simplifies
analytical derivations. The assumption is also used within each
node/cell of the finite element approximation, but material
properties can be varied throughout the domain.

To extract the parasitic inductances and capacitances, it
is required to solve (1)-(6). Depending on the frequency
range that is of interest and the requirements to the accuracy,
Maxwells equations are modified or only parts of the equations
are studied without including the full coupling.

An approach is to use analytical equations, such as using
simplified 2D geometries with assumptions of infinite long
tracks with a uniform current distribution [30]. Several of such
2D segments are then connected to better represent the real
structure. This can be a sufficient approximation for thin PCB
traces at low frequencies, and the advantage is that parameters
of thicknesses and lengths are explicitly available, thus are
useful for early design optimizations of layouts [31]-[33].
Alternatively, for high accuracy of the real world problem, the
original 3D geometry is imported to FEM software packages
such as COMSOL Multiphysics [34] or ANSYS Maxwell
[35]. This software solves a desired voltage/current distribution
and provides transient full-wave solvers including non-linear
material properties. The disadvantage is that such simulations
can be time consuming, both in terms of time spent on setting
up the model and its computational time.

Within power module packaging design, a popular approach
is a compromise between accuracy and computational time,
achieved using software packages such as FastFieldSolvers
[36] (including the solvers FastHenry2 and FastCap2) or
ANSYS Q3D Extractor [37]. These widely used software
packages combine various finite element solvers to quickly
extract electrical parasitics on complex 3D geometries. Linear
material parameters are assumed and solutions are provided
only at discrete frequencies. Systems are assumed quasi-static,
meaning that the cross-coupled time-dependent terms of (1)-(6)
are not included, i.e. magnetic fields are calculated without
influence of changing electric fields but only depends on
the defined current distribution. These software packages are
specifically aiming at evaluating current distributions, electric
fields and magnetic fields and converting them to quantities
usually associated with electrical circuit diagrams, namely
resistances, capacitances and inductances. These quantities
are then recombined in the circuit simulator to produce a
reduced order model of the system. ANSYS Q3D Extractor
has lately been one of the most used software packages
within power module design and is the main software package
covered for this overview. The accuracy of the ANSYS Q3D
Extractor solver has been studied in literature for case studies
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Fig. 2: Simulation method A calculating single piece-wise self-
inductance values excluding coupling.
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of power modules and TO-packages, and overall the conclusion
is that the software provides a good approximation in the
MHz-frequency range encountered in most power electronics
applications [38]-[41]. The accuracy at higher frequencies
can be improved by expanding the network into several RLC-
segments, often referred to as a transmission line. In [38] good
accuracy is achieved above 1 GHz by splitting a 2-inch-long
trace of a PCB into 16 segments in ANSYS Q3D Extractor. The
following section gives an overview of how the ANSYS Q3D
Extractor is typically utilized in the literature, and highlights
the advantages and disadvantages of each method.

A. Electrical parasitics evaluation in ANSYS Q3D Extractor

A literature review of research utilizing ANSYS Q3D
Extractor indicates that the software package is used differently
depending on the problem to be solved. In this section the
methods have been classified into three different types.

Method A: A common way of representing the parasitic
inductances of a circuit, is to evaluate the self-inductance
of each trace/lead individually [16], [42]-[47]. In a circuit
simulator these self-inductances are typically placed around the
semiconductor die, similarly to what is shown in Fig. 2. In this
overview, the approach is named as Method A. The advantage
of this method is that setting up the simulation is simple
and solving of the problem is fast, because it is distributed
into single decoupled problems. The resulting inductance is
easily read and placed as a lumped inductance in any circuit
simulator. The disadvantage when using this approach is that
it does not take into account the mutual coupling between the
self-inductances. For many electrical layouts, they have been
specifically designed in such a way that the magnetic fields
are cancelled by clever design of the outgoing and returning
current paths in the circuit. If the mutual inductive couplings
are not included in the simulation circuit, it results in a wrong
prediction of the effective inductance when current flows i.e.
in a common drain and source path. Results of method A are
easy to visualize as a schematic solely composed of lumped
elements. It is useful in cases where modelling the magnetic
field cancelling effects is not critical. For example in power
modules with a single copper layer for the layout and largely
spaced traces, and especially if the power module is operated
at low di/dt where the contribution from the inductances are
less dominant, such as in medium voltage power modules with
tracks widely separated [31], [48].

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2020.2978584, IEEE

Transactions on Power Electronics

Do
|
% ||<
G H
G
2 s
sV

o

Fig. 3: Simulation method B calculates current loops.

Fig. 4: Simulation method C calculates self-inductances and
mutual inductance couplings.

Method B: To include the magnetic field cancelling effects
of the designed layout, a method for calculating the effective
inductance is by using the entire loop of interest in a single
cycle [9], [32], [33], [42]-[44], [49], as shown in Fig. 3. For
this overview the approach is defined as method B. The
simulation cycle takes into account the magnetic coupling
in the calculation of the inductance of the loop itself. In
practice inside the simulation software, these loops are often
created by shorting the terminals of the semiconductor die
and assigning input/output of the loop on the pin ends. The
disadvantage of this method is that the inductance is calculated
for an entire path. This causes difficulty in implementing
the calculated result in a circuit simulator, because it is no
longer split into lumped elements that are easily placed around
the semiconductor die model. The method is advantageous
in optimization problems, where specific loops that are to
be optimized are quantified by a single value read from the
software. Typical applications are in the minimization of
inductance in a commutation loop of a switching cell or gate-
source loop. In these cases, method B makes it easy to visualize
and provides more accurate results of the effective inductance
when compared to method A.

Method C: This method uses the self-inductances similar
to method A, but with the addition of coupling between each
of the self-inductances [16], [46], [47], [49]-[53], as shown in
Fig. 4. This method is defined as method C. The advantage
is that the magnetic field cancelling effects are included with
similar accuracy as method B. But inductances are represented
as lumped elements which allows them to be more easily placed
around the semiconductor die model inside the circuit simulator.
The disadvantage is that the effective loop inductance is not
as easily available as a single value for optimization tasks as
in the case of method B.

The induced voltage across a lead of the package is depen-

dent on both its own self-inductance and the mutual inductance
it has to the neighboring leads. Thus for all of the three leads in
Fig. 4 the equations are written in a compact matrix form as
shown in (7). The result is a symmetric inductance matrix
L, where self-inductances are in the diagonal and mutual
inductance terms are in the off-diagonal.

U1 d Ly Lip Lys| [0
v2| = Lay Las Log| |t2 @)
U3 L3; L3z L3z| |13

For a linear system, Lis = Loy, L1g = L3y and Lag = Lo,
thus the matrix is symmetrical. For smaller systems the mutual
inductance couplings can be entered into the circuit simulator
manually. However, for larger systems with a total of N lumped
elements, it is represented by a triangular N x N matrix,
which includes IV self-inductances and w unique mutual
inductances. This becomes impractical to enter manually in a
circuit simulator. In practice ANSYS Q3D Extractor allows
for the export of the inductance matrix in a SPICE .cir-
format. Thus to use the result, it requires a SPICE compatible
circuit simulator with some of the most common software being
LTspice, Saber or Simplorer. Combining the electrical parasitics
with the semiconductor die model provides assessment of
device switching performance. It provides insights and enables
the designer to identify and mitigate issues early in the
design process, such as excessive ringing, voltage overshoots
or parasitic turn-on. Ideally, this reduces the required amount
of iterations of physical prototypes to be built.

III. THERMAL IMPEDANCE AND CROSS-COUPLING EFFECTS

A key aspect of the power module packaging is to ensure
that the semiconductor devices are properly cooled. Thus
early on in the design process the engineer must consider
how much the semiconductors are heated due to the power
being dissipated during operation. A simulation of the power
loss is obtained using a detailed semiconductor model and
including the electrical parasitics as discussed in the previous
section, which provides a good approximation of switching and
conduction loss. This is used as the input for the thermal model
to predict the junction temperature. For most applications of
power module packaging the general problem is to transfer the
heat from a semiconductor through its various layers. Thus the
problem is heat transfer in solids, which is given by

q=—kVT (8)

where ¢ is the heat flux, k£ is the thermal conductivity of
the solid material and VT the local temperature gradient.
Compared with the highly coupled electromagnetic phenomena
(1)-(6), heat transfer in solids (8) is relatively easy to solve.
One of the challenging aspects is to model the boundary
condition for a baseplate or heatsink, especially in the case
for liquid cooling. Solving the liquid cooling system involves
dealing with a computational fluid dynamic problem which is
significantly more difficult. From the perspective of the power
module, the cooling performance is often evaluated on the
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bottom of the base plate by using a boundary condition of a
convective heat transfer.

g = hAT 9)

where £ is the heat transfer coefficient, and AT is the temper-
ature difference between the surface and the bulk fluid. The
heat flux is then integrated for the whole surface to obtain the
total power dissipated. Typically, h is in the range of 100-300
% for forced convection of air, 500-2000 m\év for power
modules in contact with a heatsink and 10000 % or more
for liquid cooling [4], [14], [54]-[56].

Instead, one of the main considerations is how to utilize the
calculated temperature distribution after a thermal FEA, and
combine it efficiently with the semiconductor model and the
lumped electrical parasitics. Solving the full 3D structure of a
power module is time consuming, and thus solving the thermal
distribution in the entire structure for each time step together
with the electrical model from Section II results in impractical
long simulation times. The general approach is to transform
the thermal domain into lumped RC-elements, to model the
thermal resistances and thermal capacitances. The RC elements
are arranged in typically two different representations being
Cauer and Foster networks. For the Cauer network, as shown
in Fig. 5(a) the values of the RC-elements can be extracted
from physical quantities. For a block of cross sectional area
A, and thickness, d, the thermal resistance is

d
R=——
k-A
where k is the thermal conductivity of the material. The heat
capacity can then be calculated as

C=c-d-A

(10)

Y

where c is the heat capacity of the material. Alternatively, it
is demonstrated that the values of the RC-elements can be
extracted node by node from the thermal response simulated
in a FEM software [57]. An advantage of the Cauer network is
that the RC elements have physical meaning, by which a Cauer
network of a semiconductor obtained from the datasheet can be
connected with a Cauer network of a PCB, power module, heat
sink etc. Thus, because the Cauer network represents physical
thermal resistances and capacitances, the temperature in the
interface layer i.e. temperatures at solder layers are observable
with the Cauer model. To include cross-couplings, the Cauer
network is expanded into a 3D structure [58]—-[60], as shown in
Fig. 5(b). Such a model can be regarded as a coarsely meshed
finite element representation. In many cases, the main purpose
is to obtain the junction temperature used as the input for the
semiconductor model, and thus calculating the temperature in
other nodes is wasting computing power. This is one of the
reasons Foster networks are often used, as they only represent
the large-signal behavior.

A Foster network is shown in Fig. 6(a). In contrast to the
Cauer network, the internal nodes of the Foster network do not
have physical meaning. Analyzing Fig. 6(a) using Kirchoffs
current law, all the thermal power flowing into the circuit
must also exit the network, meaning that all the individual RC
lumps see the same thermal power simultaneously. Thus the

T; Ry Ry R3
P ICI IC2]:C3
(a)

Fig. 5: Lumped RC-elements arranged as (a) 1D and (b) 3D
Cauer-networks.

(b)

Fig. 6: Lumped RC-elements arranged as (a) single and (b)
coupled Foster-network.

Foster network uses super-position of different time constants
to model the same signal-behavior as the original 3D geometry.
Due to the super-position, the location of the different RC-
elements are interchangeable. The thermal impedance, Z;, of
a device ¢ in the power module is defined as

T:(t) — T,
Pi(t)

where T; is the temperature of device ¢, T, is the ambient
temperature and P; is the power dissipation in device ¢. Having
obtained a time-dependent thermal impedance, the different
RC time constants are extracted from curve-fitting. Often the
thermal behavior is represented by only 3 to 5 RC-elements
and still obtain good accuracy, and thereby it is computationally
efficient.

In addition to the thermal impedance of the semiconductor
device itself, it is often desired to include the thermal coupling
that the device has to the neighboring devices. For this, a
thermal coupling parameter, W, is defined as

Zi(t) = (12)

Ti (t) - Ta

13
P;(t) (9

Wi (t) =
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Y \ Y
T,

Fig. 7: All power dissipated in a device flows to the ambient
T,, but some of the power heats up neighboring devices along
its way.

where T; is the temperature of device ¢ and P; is the
power dissipation in a neighboring device j. Thus W;; is
read as the temperature increase of device ¢ caused by the
power dissipation of device j. While the definition of thermal
impedance in (12) and the coupling parameter (13) look similar,
it is important to note the difference. For the thermal impedance,
Z, it is required to know the path of the power flow. This
is valid for the self-heating of a device, as power loss is at
the junction of the device and eventually must end up at the
ambient environment, as shown in Fig. 7. In a practical case,
the amount of power which flows between the different devices
is difficult to measure, and thus cannot be regarded as a thermal
impedance. Instead, the coupling parameter, V, is introduced to
model the temperature increase as a function of the power loss
in a neighboring device, as this quantity is directly obtained
from a SPICE simulation.

For the case of a power module with a total of three
semiconductor devices, (12) and (13) are applied to all devices
and combined in a compact matrix form [61], [62] given by

Ty Zy Yo Vg3 Py
To| = (Va1 2y VYo3| - || +1T4 (14)
13 U3 W3 Z3 P

The coupled Foster network for one of the devices can then
be implemented as shown in Fig. 6(b). In summary, the thermal
characteristics of the semiconductor devices in a power module
are typically extracted using the following steps:

1) Apply a step power input to device ¢ of the power module.

2) Monitor temperature of device ¢ and apply (12) to obtain
the thermal impedance.

3) Monitor temperatures of neighboring devices and apply
(13) to obtain their thermal couplings.

4) Redo step 1-3 for all individual devices in the power
module.

5) Use curve-fitting to find the first-order time constants
of the system and evaluate the equivalent RC-lumped
network parts.

The Foster network is advantageous from a practical point
of view because the same procedure is used for both the
experiment and the simulation. This makes it easy to compare
the two as the raw data is treated similarly. By introducing
the thermal coupling, ¥, for building up the Foster network,
it is not necessary to know the exact path of the power flow,

6

which otherwise is a hard quantity to obtain in the case of an
experiment. Compared with the 3D Cauer network, the coupled
Foster structure is relatively computationally efficient. Also, the
number of lumped RC-elements is easily decreased depending
on the desired accuracy. However, for a large number of
interconnected dies even the coupled Foster network becomes
computationally heavy, and alternative implementations are
proposed to reduce the simulation time [63], [64].

A. Case study: Simulation of thermal impedance in an inte-
grated PCB/DBC power module

New integrated packaging solutions are being proposed to
utilize the faster switching speeds offered by new WBG devices.
Recently both the DBC and PCB is being combined into single
switching cell packages, with parasitic inductances in the range
of 1-3 nH. However, for the literature presenting the thermal
analysis of these packages, the simulation is done without
modelling the PCB [14], [16], [65]. This section presents a
case study of the extraction of the thermal characteristics of
an integrated GaN eHEMT power module which includes the
PCB in the analysis [66].

The power module uses 650 V GaN eHEMT devices from
GaN Systems [67]. The devices have a solderable heat pad
on the bottom which is soldered to a DBC, as shown in
Fig. 8. The top side of the device has electrical connections for
gate, drain and source, soldered to a PCB which has DC-link
capacitors, gate drivers and measurement circuitry. Thus the
GaN eHEMT device is sandwiched between a DBC and PCB,
which ensures a structure with both low inductance and low
thermal resistance. The assembly is designed in Solidworks and
imported to COMSOL Multiphysics for the FEA. More details
on the software methodology is presented later in Section V.
The goal is to investigate the thermal characteristics of this
entire assembly with and without the influence of the PCB.

A power step is given to the device labelled as “1”, and
the transient thermal response of all four devices is monitored.
The thermal impedance of the device under self-heating is cal-
culated using (12), while the thermal coupling to neighboring
devices is calculated using (13). The results are shown in the
solid lines of Fig. 9. After this an insulation barrier is inserted
at the top-side electrical contacts of the GaN eHEMT devices,
meaning that none of the injected power is transmitted through
the layers of the PCB. A simulation is run once more and
the obtained results are shown as the dashed lines in Fig. 9.
The results show that thermal impedance of the device under
self-heating experiences an increase of 13 %. The thermal
resistance laterally through the thin copper layers is relatively
high, but the thermal paths of the three neighboring devices are
in parallel with the main path, which is dominantly through the
DBC area under the device itself. Thus, in conclusion failure
to correctly include the influence of the PCB in an integrated
power module can result in significant error in the prediction
of the thermal performance [66].

B. Thermo-mechanical induced stress

Once the thermal distribution has been simulated, it allows
the designer to assess the result and make necessary changes.
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Fig. 8: A 3D model of an integrated GaN eHEMT power
module is imported to COMSOL to simulate the thermal
characteristics.

25
———————— %
g -7 17
— 21
2 5 - .
%‘ e - \1,31
b= , < Yy
515, 1 |—— —2,(noFcB)
g / — — —¥,, (o PCB)
i /
5 1+ ¥, (o PCB)
= — — —¥,, (noPCB)
€
o 05
=
'_

o

Time[s)]

Fig. 9: Thermal response of the four devices in the studied
package, with and without the influence of the PCB.

As an example, a PCB board experiences localized hot spots
due to current crowding. In literature, multi-physics FEM is
used to investigate how the copper thickness and placement
of vias is crucial to avoid hotspots in high power PCBs [68]-
[70]. Following the thermal simulation, it is possible to add
mechanical parameters to the materials and solve for the
thermo-mechanical induced stress. Commonly, failure modes
in power electronics are related to the differences in coefficient
of thermal expansion of materials. Together with parameters
of Young’s modulus and Poissons ratio a simulation of the
stress/strain inside the materials are mapped.

The FEA solutions highlight localized issues where high
mechanical stresses occur, which allows for the designers to
take action [71]. This can be used to mitigate problems that
can cause failures early. If materials are stressed outside their
elasticity region, it means that permanent plastic deformation

occurs and can be identified as an imminent source of reliability
issues. Simulating the life-time of a material which is stressed
only within its theoretical elasticity region is more difficult.
Commonly, the predictions are relying on experimental life-
time data obtained through power cycling at accelerated stressor
levels [72]-[74]. The reason being, that materials change over
time, due to phenomena such as metallization degradation [75],
mass diffusion due to current cycling [76] or propagation of
cracks [77]. Phenomena such as these cause difficulty to predict
the life-time solely by using FEM, as the phenomena are
not significantly present initially in the product life-time, and
because they occur on a micron-scale compared with the full
package size. Instead a component library is established based
on experimental wear-out tests. FEA is used to create accurate
electro-thermal reduced order models, utilized to simulate
accumulated damage over time to predict the life-time under
different scenarios [78]. A disadvantage is that the experimental
data of wear-out is linked to a specific component, meaning
that it is not directly transferable to new designs. A shift from
component life-time libraries, to a physics-of-failure approach
(i.e. accumulated damage is calculated per failure-mode, not on
a component-level), is mentioned as a possible solution to better
predict life-time early in the design phase [79], [80]. However,
at the time of writing such approaches are not widely used
within the field of power module packaging, and experimental
component wear-out tests are still the most commonly used
approach.

IV. ELECTRIC FIELDS

Evaluation of electric fields strengths is an important step
in the verification of a power module layout to ensure safe
operation. The ability to withstand high electric fields is one
of the key benefits of using DBC and power modules. Design
of power modules to withstand high electric field strengths is
inherently linked to high voltage power modules, with renewed
interest due to the recent availability of 10 and 15 kV SiC
MOSFET devices [42]. The electric fields in conventional
power module structures have been studied in detail, with
several proposals to reduce peak electric fields by: choosing
an encapsulant with advantageous permittivity [81], coating of
the ceramic edge [82], stacking of ceramic substrates [83] or
incorporating grooves in the ceramic [84]. However, design
of the power module layout to distribute electric fields is also
important for low voltage power modules. To increase the
power capability, the thermal resistance should be as low as
possible, meaning that insulating layers of typically ceramics
or FR4 are made thin. Even a low voltage applied to a thin
layer may produce higher electric field strengths compared
with power modules operated at several kilovolts [4], [5]. In
conclusion, maintaining a safe operating margin of the electric
field strength and keeping a low thermal resistance is often
a compromise, and thus understanding of both problems is
important to achieve a good performing power module.

A. Mesh dependency

An issue when evaluating the electric field is that it is heavily
dependent on the mesh of the finite element simulation. To
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Fig. 10: Reducing the mesh size might locally increase the
calculated electric field strength due to field crowding.

understand this it is compared with the two previous problems

related to the evaluation of inductances and heat transfer.

For the inductance, the magnetic field is integrated over the
enclosing surface. Thus discrepancies in the mesh that results in
a localized spike in the calculated field intensity are mitigated
as the field is integrated. Similarly, for the heat transfer in
solids the heat flux is integrated over the surface to obtain
the full power dissipated, and as such can be considered a
macroscopic quantity. However, when evaluating the electric
field the concern is on the localized effects and to observe the
regions at which the electric field is strongest. In the final power
module it is these regions where an electric field breakdown
or substantial partial discharge may occur.

In general for FEA it is expected that using a finer mesh
results in higher accuracy of the obtained results, but this is
not always the case when evaluating the electric fields. Field
crowding occurs around the edges and corners of the high
voltage energized copper traces of the DBC. Calculating the
field in these regions has a strong mesh dependency as reported
in literature [85], [86]. The issue is explained using the finite
volume representation shown in Fig. 10. Defining the electric
field strength as the number of field lines entering a cell, divided
by the circumference of that cell. The number of electric field
lines entering A; and A, is the same in the two cases. As
the circumference of cell As is smaller than A; the evaluated
electric field strength of A, is higher. In fact, for finer and
finer meshes the calculated electric field strength approaches
infinity.

The mesh dependency can be reduced in some models if the
field is uniformly distributed in some regions by integrating
along an edge or surface. For instance by adding an additional
dimension to Fig. 10 perpendicular to the 2D surface shown
and averaging the result over several cells. In [87], [88] an
edge radius is used to reduce the mesh dependency. The
hypothesis is to obtain a convergence point for the electric field

strength, compared to the case of a sharp rectangular corner.

Although a convergence point is obtained, the convergence
point then depends on the chosen edge radius. In [86] several
measurement points at a small distance and angle from the
edge corner are used. Using this approach the field is evaluated
away from the point which causes the singularity. A parametric
sweep of the distance and angle of the measurement points
around the edge show that a mesh-independent calculation
of the electric field strength is possible. A mesh-independent
approach is important to numerically evaluate the maximum

Photoresistive film

Copper .B? )
— 7 -
Ceramic Etching UETTES g
wet chemistry
) Copper (

Fig. 11: Wet chemistry used for etching produces a snowplow-
shape of the copper edge.

electric field strength to compare different designs of the power
module layouts.

B. Model discrepancies

Because of the nature of the problem when studying the
localized electric field densities, there is also stronger influence
of discrepancies in the model, when compared to the problem
of extracting inductance or thermal impedances. Here we define
discrepancies in the model as small mismatches between the
physical world and our digital 3D model of the geometry, such
as groins on a busbar, voids in an interface or curvature of the
copper trench. Again, a few voids in a layer might only slightly
alter the heat transfer. However, for electric fields a void could
be the local initiation point for partial discharges. Continuous
energy discharges in a region potentially deteriorates its
properties over time, which eventually leads to an electric
field breakdown [4]. The breakdown strength of dielectric
materials is known to change over time related to factors
such as temperature and humidity [81], [89], and thus such
considerations must be taken into account and proper design
margins should be chosen.

In most of the simulation models of electric fields in a
power module, the 2D crosscut of copper traces are regarded
as rectangular shapes [81], [83], [86], [88], [90], similar to what
was shown in Fig. 10. In real applications a photo resistive
film is applied to the copper, and a wet chemistry process is
used for etching of copper traces, as shown in Fig. 11. Due to
this etching process, copper is removed not only downwards
toward the ceramic, but also laterally which causes a “snow
plow”-shape. As reported the high electric field density may
initiate partial discharges at the interface between the triple
point and the air/encapsulant around the sharp edge inside the
trench [91]. In [88] the influence of a 5 pm thin protrusion
of the copper trace at the edge of the ceramic is reported to
increase the electric field density by a factor of 2.

Due to the degradation of material properties and model
discrepancies in the simulation model, experimental testing
of a manufactured prototype in terms of a partial discharge
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test is still widely used [4], [85], [91]. While experimental
verifications are important, the widespread use within the topic
of electric fields can also be a sign that there is currently not a
full trust in the simulated results. Compared with the literature
of electrical parasitics and thermal analysis, in Section II and IIT
respectively, the simulation is regularly used as the main source
for analysis. At the time of writing, electric field simulations
are regarded a useful tool to digitally iterate layouts that limits
the electric field intensities. However, in terms of verifying
layouts purely digitally there is still research to be performed
to reduce uncertainties, when compared to the fidelity at which
simulation of electrical parasitics and heat transfer are currently
used.

V. DIGITAL DESIGN FRAMEWORK

The purpose of digital design is to reduce development
time by limiting the number of physical prototypes to be built.
Within electronics there is typically a relatively short lead time
of components and PCBs. This makes it tempting to quickly
move to an experimental testing phase to try out a design. This
is a trial and error approach. However, if designs are iterated
several times, the lead times may start to add up. Additionally,
if a complex problem is encountered, it may be difficult to
identify, measure and validate a possible solution. A good
digital design framework should allow the engineer to digitally
iterate through several designs on a daily basis. Furthermore,
it should give additional insights in internal states/quantities
of the electronics system to help identify and solve challenges
in the design. If used correctly, it is only required to build a
single physical prototype fulfilling the design specifications.
This section presents an example of a general digital design
framework, followed by a practical example of the design of
an integrated GaN eHEMT switching cell.

An example of a digital design framework is proposed
in Fig. 12, which combines and summarizes the topics cov-
ered through Section II to IV. Such a framework employs
different simulation software packages, which are developed
with a focus on solving a specific type of problem. This
is advantageous because the simulation is split into smaller
sub-problems, which reduces the computational complexity
and thereby reduces convergence issues. The alternative is to
use a single multi-physics environment to treat all problems
simultaneously. While this allows for a fully coupled solution,
it causes difficulty within the topic of power electronics,
because of the difference in time constants between high
frequency electromagnetics, slow thermal transients and static
electric fields. Most modern software packages are designed for
efficient multi-core processing. By splitting the problem into
several smaller sub-problems in different software packages,
it even allows the simulations to be run in parallel on more
computers at once. However, when the problems are split into
several software it must be ensured that the file import/export
capabilities of each software is compatible with one another. A
practical case study of the software interactions, used to design
an integrated GaN eHEMT switching cell, is presented in the
following section.

9

A. Case study: Design of integrated GaN eHEMT switching
cell

The digital design framework of Fig. 12 displays a general
approach. In practice, it is important to make sure that the
different sub-tools used, are capable of exchanging information
from one software to the other. The following demonstrates
a real design case of an integrated GaN eHEMT full-bridge
switching cell, that was already briefly introduced in Section
II-A.

The software utilized to build up a 3D model and to analyze
the integrated switching cell structure is summarized in Fig. 13.
The PCB structure was designed using the layout software
PADS. The PCB layout editors work with 2D information
on different layers, and thus does not explicitly contain a
3D description of the PCB. The PCB software allows for
the export of a 3D model, but this is typically a mechanical
outline and does not include all trace information on the
inner layers. To build a 3D model of the PCB, the 2D layer
information is imported into ANSYS Electronics Desktop. This
software reads the 2D layer information and creates a 3D model
including copper layers, vias and pads of components. The 3D
model is imported to ANSYS Q3D Extractor. The lumped
parasitic elements are modelled by Method C as described
in Section II-A. This model is exported to LTSpice which
also uses the device models supplied by the semiconductor
manufacturer. The simulation and experimental results are
compared in Fig. 14, for a double pulse test performed at 400 V
and 15 A. The results show the ability to simulate switching
speeds even in the range of 5 ns and voltage transients of
64 V/ns [16].

Following this step, the 3D model of the PCB is imported
into Solidworks and assembled with the other 3D models
of the GaN eHEMT devices and the DBC. The Solidworks-
assembly also validates that all parts mechanically fit together
and provides insights on tolerances for manufacturing. The
assembled 3D model of the integrated switching cell is im-
ported into COMSOL Multiphysics. The model requires a
relatively fine mesh to include the details around the vias
and the thin copper layers of the PCB. A workstation with
64 GB of memory is used for the simulation. This is the same
simulation model as was presented in Section III-A. The sim-
ulation model was validated by experimentally measuring the
device temperatures. The device temperatures are monitored
using fiber optic temperature sensors, and resulting thermal
characteristics are shown in Fig. 15 [66]. The thermal response
is modelled by RC-elements using the Foster-network and
implemented in LTspice to create a thermo-electrical circuit
model. The solved temperature distribution is also used in
COMSOL Multiphysics as the input for a thermo-mechanical
simulation. Due to the temperature distribution and mismatch
in coefficients of thermal expansion of materials, the switching
cell experiences a mechanical stress and strain. The purpose of
the simulation is to map the locations of highest mechanical
stress. Future research is focused on validation of this thermo-
mechanical model, and to perform temperature cycling of the
real module to verify if the simulation is capable of predicting
the locations of failure.
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Fig. 12: An example of a general framework used for digital design of power modules.
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VI. DISCUSSION AND FUTURE CHALLENGES

¢ As the topic of using digital design is growing in power
~N electronics design, it is relevant to discuss the future aspects
in this regard. Combined with the increasing switching speeds
owing to the superior characteristics of WBG semiconductor
devices compared with Si, it is important to cover some of the
J potential future challenges linked to the use of FEA.

Fig. 13: Software framework used for digital design of an The currently popular'elect'rical paras%tics.evaluation soft-
integrated GaN eHEMT switching cell. ware based on the quas1-s.tat1c assumptlon ie. FastP'Ienr.yZ,
ANSYS Q3D Extractor are likely to face issues as the switching
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thermal cross coupling of each device.

speed is continuously increasing. Eventually full-wave solvers
are required for accurate modelling, as the interaction between
transient electric and magnetic fields become more significant.
The gap between power electronics engineering and circuit de-
sign at radio frequencies (RF) will narrow, and the experiences
gained from the RF industry are to some extent expected to
be merged into the power electronics discipline [92]. At RF
the higher order transmission line networks or S-parameters
are often employed, in comparison with the computationally
efficient reduced order model RLC lumped elements often used
in power electronics. In [93] parasitics of a GaN device are
extracted using S-parameters, as this approach is more suited
with inductances and capacitances in the order of less than
1 nH and 1 pF, respectively.

This overview has described the combination of semi-
conductor die behavior with PCB parasitics, i.e. mainly the
components associated with the power loop. To fully unlock the
potential of digital design, more and more components are to be
included in the framework. A next step is to predict behavior of
main components in the gate-driver and control circuitry such
as: gate drivers, linear voltage regulators, Schmitt triggers or
buffer-circuits. Including these components in the simulation
framework enables evaluation of system performance as high
frequency differential and common mode noise propagates
through the circuitry due to the fast switching speed of the
WBG devices. Few manufacturers provide detailed models
of IC behavior, i.e. how slew rates and propagation delays
change on fluctuations on vg44, vss Or signal inputs. For many
components such information are still not readily available,
which then leaves a gap in the digital design process. In
[94] a frequency-dependent model is extracted of an IC from
the more simple I/O buffer information specification (IBIS)
provided by most manufacturers. IBIS representation describes
IC behavior without revealing internal workings, and typically
work as a transfer function to include delay and slew rates on
the output based on input. However, fast evaluation of several
designs, depend on access to detailed and readily available
semiconductor die and IC models.

Despite these challenges and current shortcomings, the
potential reduction in development time as well as long term
benefits cannot be understated [95]. Industry 4.0 suggests
expansion of digitalization throughout the full product life-
cycle which depend on available 3D geometries of each part.
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However, for usefulness of the developed models it is just as
important to reduce the computational efforts to match the
use case. Computationally efficient models of the system are
prerequisites in the development of digital twins. These are
digital replicas emulating the current state and performance of
a product in the field. Harvesting data from the field and using
this in real-time to predict and monitor the operation of a power
module or converter, requires accurate but computationally
efficient simulation models [96]. In conclusion, unlocking the
potential offered by Industry 4.0 begins with the use of digital
design.

VII. CONCLUSION

This paper presents an overview of simulation tools and
methods used in the digital design of power module packaging.
Three main benefits of power module packaging are reduction
of electrical parasitics, improved thermal management and
operation at elevated voltage levels. These three topics are the
main aspects treated in regards to digital design. A discussion
of solvers for Maxwells equations is given in regards to
extraction of electrical parasitics, and ANSYS Q3D Extractor
is highlighted as a popular extraction tool within the topic
of power module packaging. The literature review describes
different approaches in the use of ANSYS Q3D Extractor,
which are classified into three methods and a discussion of
advantages/disadvantages is presented for each. For the thermal
management, implementation of the simulated temperature
distribution is a main consideration, with the Cauer and
Foster networks being the two dominant representations. Cauer
networks resemble the physical quantities, and in that sense are
regarded as a coarsely meshed finite element representation. For
multichip modules the coupled Foster network is typically more
computationally efficient, while maintaining good accuracy
and easy implementation in a common SPICE simulation
environment. A case study presents an integrated power module
based on GaN eHEMT devices, combining DBC and PCB
in a single switching cell. The results show an error of
13 % in the simulated thermal impedance if the PCB board
is not included in the model. For simulation of electrical
field densities, mesh dependency and model discrepancies are
highlighted as two main challenges. Because of this, the
experimental testing of partial discharges is still widely used,
and thus is currently a challenge in terms of utilizing digital
design to its full potential. As the mesh is decreased in size
and due to electric fields crowding at sharp edges, it results
in simulated peak electric field densities approaching infinity.
Averaging over several nodes or defining measurement points
slightly away from the points causing the singularity are the
common solutions. Model discrepancies such as voids or sharp
edges seen in real applications cause localized electric field
densities, which are generally not covered by the simulation.
At last a simulation framework is proposed which allows
to study the beforementioned problems even with compact
integrated power module packages utilizing both PCB and
DBC. Future challenges are discussed such as the increase in
necessary solution frequencies and inclusion of more detailed
IC component behavior. Digital design and FEA is concluded
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as a prerequisite for several aspects covered by Industry 4.0,
and thus the use of digital design tools is only expected to
increase in years to come.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

REFERENCES

P. Roussel and J. Azemar, “Technology, Industry and Market Trends
in WBG Power Module Packaging,” in CIPS 2014; 8th International
Conference on Integrated Power Electronics Systems, Feb 2014, pp. 1-3.
P. Gammon, “Silicon and the Wide Bandgap Semiconductors, Shaping
the Future Power Electronic Device Market,” in 2013 14th International
Conference on Ultimate Integration on Silicon (ULIS), March 2013, pp.
9-13.

C. Neeb, J. Teichrib, R. W. D. Doncker, L. Boettcher, and A. Ostmann, “A
50 kW IGBT Power Module for Automotive Applications with Extremely
Low DC-link Inductance,” in 2014 16th European Conference on Power
Electronics and Applications, Aug 2014, pp. 1-10.

D. Kearney, S. Kicin, E. Bianda, A. Krivda, D. Bauman, and A. B. B.
Corporate, “PCB Embedded Power Electronics for Low Voltage Applica-
tions,” in CIPS 2016 - 9th International Conference on Integrated Power
Electronics Systems, 2016, pp. 3-8.

R. Randoll, W. Wondrak, and A. Schletz, “Dielectric Strength and
Thermal Performance of PCB-Embedded Power Electronics,” Microelec-
tronics Reliability, vol. 54, no. 9-10, pp. 1872-1876, sep 2014.

T. Hofmann, S. Gottschling, W. Wondrak, and R. Randoll, “Integration
of Electronic Components into PCB for Electromobility Application,” in
2012 2nd International Electric Drives Production Conference (EDPC),
Oct 2012, pp. 1-4.

L. Zhang, P. Liu, A. Q. Huang, S. Guo, and R. Yu, “An Improved SiC
MOSFET-Gate Driver Integrated Power Module with Ultra Low Stray
Inductances,” in 2017 IEEE 5th Workshop on Wide Bandgap Power
Devices and Applications (WiPDA), Oct 2017, pp. 342-345.

S. Guo, L. Zhang, Y. Lei, X. Li, F. Xue, W. Yu, and A. Q. Huang, “3.38
Mhz Operation of 1.2kV SiC MOSFET with Integrated Ultra-Fast Gate
Drive,” in 2015 IEEE 3rd Workshop on Wide Bandgap Power Devices
and Applications (WiPDA). 1EEE, nov 2015, pp. 390-395.

A. B. Jgrgensen, U. R. Nair, S. Munk-Nielsen, and C. Uhrenfeldt, “A SiC
MOSFET Power Module With Integrated Gate Drive for 2.5 MHz Class
E Resonant Converters,” in CIPS 2018; 10th International Conference
on Integrated Power Electronics Systems, March 2018, pp. 1-6.

M. Meisser, M. Schmenger, M. Bernd, B. Leyrer, H. Demattio, D. Hamil-
ton, P. Mawby, and T. Blank, “Highly Integrated SiC Module with Thick-
Film Dielectric Allows for High Frequency Operation,” in CIPS 2016;
9th International Conference on Integrated Power Electronics Systems,
March 2016, pp. 1-6.

M. Schmenger, M. Meisser, D. Hamilton, B. Leyrer, M. Bernd, P. Mawby,
and T. Blank, “Highly Integrated Power Modules Based on Copper Thick-
Film-on-DCB for High Frequency Operation of SiC Semiconductors -
Design and Manufacture,” in 2015 17th European Conference on Power
Electronics and Applications (EPE’15 ECCE-Europe), Sept 2015, pp.
1-8.

O. Kreutzer, B. Eckardt, and M. Maerz, “Optimum Gate Driver Design to
Reach SiC-MOSFETs Full Potential - Speeding up to 200 kV/us,” in 2015
IEEE 3rd Workshop on Wide Bandgap Power Devices and Applications
(WiPDA), Blacksburg, VA, 2015, pp. 41-46.

K. Klein, E. Hoene, R. Reiner, and R. Quay, “Study on Packaging and
Driver Integration with GaN Switches for Fast Switching,” in CIPS 2016;
9th International Conference on Integrated Power Electronics Systems,
March 2016, pp. 1-6.

G. Feix, E. Hoene, O. Zeiter, and K. Pedersen, “Embedded Very Fast
Switching Module for SiC Power MOSFETS,” in Proceedings of PCIM
Europe 2015; International Exhibition and Conference for Power Elec-
tronics, Intelligent Motion, Renewable Energy and Energy Management,
Nuremberg, Germany, 2015, pp. 1-7.

E. Hoene, A. Ostmann, B. T. La, C. Marczok, A. Musing, and J. W.
Kolar, “Ultra-Low-Inductance Power Module for Fast Switching Semi-
conductors,” in Proceedings of the PCIM Europe Conference for Power
Electronics, Intelligent Motion, Renewable Energy and Energy Manage-
ment, Nuremberg, Germany,, May 2013.

A. B. Jgrgensen, S. Beczkowski, C. Uhrenfeldt, N. H. Petersen, S. Jgr-
gensen, and S. Munk-Nielsen, “A Fast-Switching Integrated Full-Bridge
Power Module Based on GaN eHEMT Devices,” IEEE Transactions on
Power Electronics, vol. 34, no. 3, pp. 2494-2504, March 2019.

(171

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]
[35]
[36]

[37]

[38]

12

C. New, A. N. Lemmon, and A. Shahabi, “Comparison of Methods for
Current Measurement in WBG Systems,” in 2017 IEEE 5th Workshop
on Wide Bandgap Power Devices and Applications (WiPDA), 2017, pp.
87-92.

E. Shelton, N. Hari, X. Zhang, T. Zhang, J. Zhang, and P. Palmer, “Design
and Measurement Considerations for WBG Switching Circuits,” in
2017 19th European Conference on Power Electronics and Applications
(EPE’17 ECCE Europe), no. 1, 2017, pp. 1-10.

A. Anthon, J. C. Hernandez, Z. Zhang, and M. A. E. Andersen,
“Switching Investigations on a SiC MOSFET in a TO-247 Package,” in
IECON 2014 - 40th Annual Conference of the IEEE Industrial Electronics
Society, Oct 2014, pp. 1854-1860.

Teledyne LeCroy, “Products High Voltage Differential Probes,” Accessed:
2019-09-20. [Online]. Available: https://teledynelecroy.com/probes/high-
voltage-differential-probes

Tektronix, Inc., “Differential Probe - High Voltage,” Accessed:

2019-09-20. [Online]. Available: https://www.tek.com/probes-and-
accessories/high-voltage-differential-probes

Keysight  Technologies, “Oscilloscope ~ High  Voltage  Dif-
ferential ~ Active  Probes,”  Accessed: 2019-09-20.  [Online].

Available: https://www.keysight.com/en/pc-1659316/oscilloscope-high-
voltage-differential-active-probe

Teledyne LeCroy, “Products Passive Probes,” Accessed: 2019-09-20.
[Online]. Available: https://teledynelecroy.com/probes/passive-probes
Tektronix, Inc., “Passive Probe,” Accessed: 2019-09-20. [Online].
Available: https://www.tek.com/passive-probe

Keysight Technologies, “Oscilloscope passive probes,” Accessed:
2019-09-20. [Online]. Available: https://www.keysight.com/en/pc-
1659288/oscilloscope-passive-probes

R. Matsumoto, K. Umetani, and E. Hiraki, “Optimization of the Balance
between the Gate-Drain Capacitance and the Common Source Inductance
for Preventing the Oscillatory False Triggering of Fast Switching GaN-
FETs,” in 2017 IEEE Energy Conversion Congress and Exposition
(ECCE), 2017, pp. 405-412.

K. Wang, X. Yang, L. Wang, and P. Jain, “Instability Analysis and
Oscillation Suppression of Enhancement-Mode GaN Devices in Half-
Bridge Circuits,” IEEE Transactions on Power Electronics, vol. 33, no. 2,
pp. 1585-1596, Feb 2018.

F. Zhao, Y. Li, Q. Tang, and L. Wang, “Analysis of Oscillation in Bridge
Structure Based on GaN Devices and Ferrite Bead Suppression Method,”
in 2017 IEEE Energy Conversion Congress and Exposition (ECCE, 2017,
pp- 391-398.

K. Umetani, K. Yagyu, and E. Hiraki, “A Design Guideline of Parasitic
Inductance for Preventing Oscillatory False Triggering of Fast Switching
GaN-FET,” IEEJ Transactions on Electrical and Electronic Engineering,
vol. 11, pp. S84-S90, 2016.

B. Sun, Z. Zhang, and M. A. E. Andersen, “Research of PCB Parasitic
Inductance in the GaN Transistor Power Loop,” in 2019 IEEE Workshop
on Wide Bandgap Power Devices and Applications in Asia (WiPDA Asia),
May 2019, pp. 1-5.

A. B. Jgrgensen, N. Christensen, D. N. Dalal, S. D. Sgnderskov,
S. Beczkowski, C. Uhrenfeldt, and S. Munk-Nielsen, “Reduction of
Parasitic Capacitance in 10 kV SiC MOSFET Power Modules Using 3D
FEM,” in 2017 19th European Conference on Power Electronics and
Applications (EPE’17 ECCE Europe), Sept 2017, pp. P.1-P.8.

P. Diaz Reigosa, F. Iannuzzo, and F. Blaabjerg, ‘“Packaging Solutions
for Mitigating IGBT Short-Circuit Instabilities,” in PCIM Europe 2017;
International Exhibition and Conference for Power Electronics, Intelli-
gent Motion, Renewable Energy and Energy Management, May 2017,
pp- 1-7.

S.Li,L. M. Tolbert, F. Wang, and F. Z. Peng, “Stray Inductance Reduction
of Commutation Loop in the P-cell and N-cell-Based IGBT Phase Leg
Module,” IEEE Transactions on Power Electronics, vol. 29, no. 7, pp.
3616-3624, July 2014.

COMSOL Inc., “The COMSOL Software Product Suite,” Accessed:
2019-10-29. [Online]. Available: https://www.comsol.com/products
ANSYS, Inc., “ANSYS Maxwell,” Accessed: 2019-10-29. [Online].
Available: https://www.ansys.com/products/electronics/ansys-maxwell
FastFieldSolvers S.R.L, “Fast Field Solvers,” Accessed: 2019-10-29.
[Online]. Available: https://www.fastfieldsolvers.com/

ANSYS, Inc., “ANSYS Q3D Extractor,” Accessed: 2019-10-29.
[Online]. Available: https://www.ansys.com/products/electronics/ansys-
q3d-extractor

C. Che, H. Zhao, Y. Guo, J. Hu, and H. Kim, “Investigation of Segmenta-
tion Method for Enhancing High Frequency Simulation Accuracy of Q3D
Extractor,” in 2019 IEEE International Conference on Computational
Electromagnetics (ICCEM), March 2019, pp. 1-3.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2020.2978584, IEEE

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(471

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

(571

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Transactions on Power Electronics

1. Kovacevi¢-Badstiibner, U. Grossner, D. Romano, G. Antonini, and
J. Ekman, “A More Accurate Electromagnetic Modeling of WBG Power
Modules,” in 2018 IEEE 30th International Symposium on Power
Semiconductor Devices and ICs (ISPSD), May 2018, pp. 260-263.

1. Kovacevic-Badstuebner, R. Stark, U. Grossner, M. Guacci, and J. W.
Kolar, “Parasitic Extraction Procedures for SiC Power Modules,” in CIPS
2018; 10th International Conference on Integrated Power Electronics
Systems, March 2018, pp. 1-6.

I. Ndip, A. Oz, H. Reichl, K. Lang, and H. Henke, “Analytical Models
for Calculating the Inductances of Bond Wires in Dependence on their
Shapes, Bonding Parameters, and Materials,” IEEE Transactions on
Electromagnetic Compatibility, vol. 57, no. 2, pp. 241-249, April 2015.
H. Shaowei, L. Que, L. Jian, and S. S. Ang, “Silicon Carbide Power
Electronic Module Packaging,” in 2015 16th International Conference
on Electronic Packaging Technology (ICEPT), Aug 2015, pp. 483—486.
F. Yang, Z. Liang, Z. J. Wang, and F. Wang, “Parasitic Inductance
Extraction and Verification for 3D Planar Bond All Module,” in 2016
International Symposium on 3D Power Electronics Integration and
Manufacturing (3D-PEIM), vol. 5, no. 3, 2016.

P. D. Reigosa, F. Iannuzzo, S. Munk-Nielsen, and F. Blaabjerg, “New
Layout Concepts in MW-scale IGBT modules for Higher Robustness
During Normal and Abnormal Operations,” in 2016 IEEE Applied Power
Electronics Conference and Exposition (APEC), March 2016, pp. 288—
294.

A. E. Risseh, H. Nee, and K. Kostov, “Fast Switching Planar Power
Module With SiC MOSFETs and Ultra-low Parasitic Inductance,” in
2018 International Power Electronics Conference (IPEC-Niigata 2018
-ECCE Asia), May 2018, pp. 2732-2737.

L. Popova, R. Juntunen, T. Musikka, M. Lohtander, P. Silventoinen,
O. Pyrhonen, and J. Pyrhonen, “Stray Inductance Estimation with
Detailed Model of the IGBT module,” in 2013 15th European Conference
on Power Electronics and Applications (EPE), Sep. 2013, pp. 1-8.

M. Chen, D. Pan, H. Wang, X. Wang, F. Blaabjerg, and W. Wang,
“Switching Characterization of SiC MOSFETs in Three-Level Active
Neutral-Point-Clamped Inverter Application,” in 2019 10th International
Conference on Power Electronics and ECCE Asia (ICPE 2019 - ECCE
Asia), May 2019, pp. 1793-1799.

B. Passmore, Z. Cole, B. McGee, M. Wells, J. Stabach, J. Bradshaw,
R. Shaw, D. Martin, T. McNutt, E. VanBrunt, B. Hull, and D. Grider,
“The Next Generation of High Voltage (10 kV) Silicon Carbide Power
Modules,” in 2016 IEEE 4th Workshop on Wide Bandgap Power Devices
and Applications (WiPDA), Nov 2016, pp. 1-4.

1. Kovacevic-Badstuebner, R. Stark, U. Grossner, M. Guacci, and J. W.
Kolar, “Parasitic Extraction Procedures for SiC Power Modules,” in CIPS
2018; 10th International Conference on Integrated Power Electronics
Systems, March 2018, pp. 1-6.

Y. Ren, X. Yang, F. Zhang, L. Wang, K. Wang, W. Chen, X. Zeng,
and Y. Pei, “Voltage Suppression in Wire-Bond-Based Multichip Phase-
Leg SiC MOSFET Module Using Adjacent Decoupling Concept,” IEEE
Transactions on Industrial Electronics, vol. 64, no. 10, pp. 8235-8246,
Oct 2017.

S. Beczkowski, A. B. Jgrgensen, H. Li, C. Uhrenfeldt, X. Dai, and
S. Munk-nielsen, “Switching Current Imbalance Mitigation in Power
Modules with Parallel Connected SiC MOSFETS,” in 2017 19th Euro-
pean Conference on Power Electronics and Applications (EPE’17 ECCE
Europe), 2017, pp. 1-8.

Y. Ren, X. Yang, F. Zhang, L. Tan, and X. Zeng, “Analysis of a Low-
Inductance Packaging Layout for Full-SiC Power Module Embedding
Split Damping,” in 2016 IEEE Applied Power Electronics Conference
and Exposition (APEC), March 2016, pp. 2102-2107.

B. Aberg, R. S. K. Moorthy, L. Yang, W. Yu, and I. Husain, “Estimation
and Minimization of Power Loop Inductance in 135 kW SiC Traction
Inverter,” in 2018 IEEE Applied Power Electronics Conference and
Exposition (APEC), March 2018, pp. 1772-17717.

C. Qian, A. M. Gheitaghy, J. Fan, H. Tang, B. Sun, H. Ye, and G. Zhang,
“Thermal Management on IGBT Power Electronic Devices and Modules,”
IEEE Access, vol. 6, pp. 12868-12 884, 2018.

1. Mudawar, D. Bharathan, K. Kelly, and S. Narumanchi, “Two-Phase
Spray Cooling of Hybrid Vehicle Electronics,” IEEE Transactions on
Components and Packaging Technologies, vol. 32, no. 2, pp. 501-512,
June 2009.

R. Skuriat and C. M. Johnson, “Direct Substrate Cooling of Power
Electronics,” in 5th International Conference on Integrated Power
Electronics Systems, March 2008, pp. 1-5.

D. Chiozzi, “Electro-thermal Simulation Methodologies for Automotive
Power Electronic Systems,” Ph.D. dissertation, Universita di Parma, 2017.

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

[73]

[74]

[75]

[76]

(771

13

A. Chvila, D. Donoval, J. Marek, P. Pribytny, and M. Molnér, “2/3-D
Circuit Electro-thermal Model of Power MOSFET for SPICE-like Simula-
tion,” in The Ninth International Conference on Advanced Semiconductor
Devices and Mircosystems, Nov 2012, pp. 179-182.

C. Batard, N. Ginot, and J. Antonios, “Lumped Dynamic Electrothermal
Model of IGBT Module of Inverters,” IEEE Transactions on Components,
Packaging and Manufacturing Technology, vol. 5, no. 3, pp. 355-364,
March 2015.

F. Bertoluzza, G. Sozzi, N. Delmonte, and R. Menozzi, “Hybrid Large-
Signal/Lumped-Element Electro-Thermal Modeling of GaN-HEMTs,”
IEEE Transactions on Microwave Theory and Techniques, vol. 57, no. 12,
pp- 3163-3170, Dec 2009.

M. Musallam and C. M. Johnson, “Real-Time Compact Thermal Models
for Health Management of Power Electronics,” IEEE Transactions on
Power Electronics, vol. 25, no. 6, pp. 1416-1425, June 2010.

T. Poller, S. D’Arco, M. Hernes, and J. Lutz, “Influence of Thermal
Cross-couplings on Power Cycling Lifetime of IGBT Power Modules,”
in 2012 7th International Conference on Integrated Power Electronics
Systems (CIPS), March 2012, pp. 1-6.

U. Drofenik, D. Cottet, A. Musing, J. Meyer, and J. W. Kolar, “Com-
putationally Efficient Integration of Complex Thernal Multi-Chip Power
Module Models into Circuit Simulators,” in 2007 Power Conversion
Conference - Nagoya, April 2007, pp. 550-557.

P. L. Evans, A. Castellazzi, and C. M. Johnson, “Automated Fast
Extraction of Compact Thermal Models for Power Electronic Modules,”
IEEE Transactions on Power Electronics, vol. 28, no. 10, pp. 4791-4802,
Oct 2013.

C. Yu, . Labouré, and C. Buttay, “Thermal Management of Lateral GaN
Power Devices,” in 2015 IEEE International Workshop on Integrated
Power Packaging (IWIPP), May 2015, pp. 40-43.

A. B. Jgrgensen, T. Cheng, D. H. S. Beczkowski, C. Uhrenfeldt, and
S. Munk-Nielsen, “Thermal Characteristics and Simulation of an Inte-
grated GaN eHEMT Power Module,” in 2019 21th European Conference
on Power Electronics and Applications (EPE’19 ECCE Europe), Sept
2019, pp. P.1-P.7.

GaN Systems Inc, “GS66508T 650V Enhancement Mode GaN Transistor,”
Accessed: 2019-10-02. [Online]. Available: http://gansystems.com/gan-
transistors/gs66508t/

L. Coppola, R. Schmidt, and D. Cottet, “Investigation on Via Arrange-
ments for the Thermal Management of High Current PCBs,” in 2009
Twenty-Fourth Annual IEEE Applied Power Electronics Conference and
Exposition, Feb 2009, pp. 485-490.

L. Coppola, D. Cottet, and F. Wildner, “Investigation on Current Density
Limits in Power Printed Circuit Boards,” in 2008 Twenty-Third Annual
IEEE Applied Power Electronics Conference and Exposition, Feb 2008,
pp. 205-210.

T. Tetzlaff and U. Witkowski, “Current Load Capacity of Electrical
Conductor Tracks Evaluated by Simulation and Thermographic Imaging,”
in 2015 16th International Conference on Thermal, Mechanical and
Multi-Physics Simulation and Experiments in Microelectronics and
Microsystems, April 2015, pp. 1-5.

Y. Xu, Z. Xu, J. W. Eischen, and D. C. Hopkins, “FEA-Based Thermal-
Mechanical Design Optimization for DBC Based Power Modules,” in
IEEE International Symposium on 3D Power Electronics Integration and
Manufacturing (3D-PEIM), 2016, pp. 1-6.

V. Smet, F. Forest, J. Huselstein, F. Richardeau, Z. Khatir, S. Lefebvre,
and M. Berkani, “Ageing and Failure Modes of IGBT Modules in
High-Temperature Power Cycling,” IEEE Transactions on Industrial
Electronics, vol. 58, no. 10, pp. 4931-4941, Oct 2011.

R. Schmidt and U. Scheuermann, “Separating Failure Modes in Power
Cycling Tests,” in 2012 7th International Conference on Integrated Power
Electronics Systems (CIPS), March 2012, pp. 1-6.

R. Bayerer, T. Herrmann, T. Licht, J. Lutz, and M. Feller, “Model for
Power Cycling lifetime of IGBT Modules - Various Factors Influencing
Lifetime,” in 5th International Conference on Integrated Power Electron-
ics Systems, March 2008, pp. 1-6.

M. Brincker, K. Bonderup Pedersen, P. K. Kristensen, and V. Popok,
“Passive Thermal Cycling of Power Diodes under Controlled Atmospheric
Conditions - Effects on Metallization Degradation,” in CIPS 2016; 9th
International Conference on Integrated Power Electronics Systems, March
2016, pp. 1-6.

H. Ye, C. Basaran, and D. C. Hopkins, “Mechanical Degradation of
Microelectronics Solder Joints under Current Stressing,” International
Journal of Solids and Structures, vol. 40, no. 26, pp. 7269 — 7284, 2003.
K. B. Pedersen, P. K. Kristensen, V. Popok, and K. Pedersen, “Degrada-
tion Assessment in IGBT Modules Using Four-Point Probing Approach,”



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2020.2978584, IEEE

(78]

[79]

(80]

[81]

[82]

[83]

[84]

[85]

(86]

(871

[88]

[89]

[90]

[911

[92]

[93]

[94]

[95]

[96]

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Transactions on Power Electronics

IEEE Transactions on Power Electronics, vol. 30, no. 5, pp. 2405-2412,
May 2015.

L. Ceccarelli, R. M. Kotecha, A. S. Bahman, F. Iannuzzo, and H. A.
Mantooth, “Mission-Profile-Based Lifetime Prediction for a SiC mos-
fet Power Module Using a Multi-Step Condition-Mapping Simulation
Strategy,” IEEE Transactions on Power Electronics, vol. 34, no. 10, pp.
9698-9708, Oct 2019.

K. Ma, H. Wang, and F. Blaabjerg, “New Approaches to Reliability
Assessment: Using physics-of-failure for prediction and design in power
electronics systems,” IEEE Power Electronics Magazine, vol. 3, no. 4,
pp. 28-41, Dec 2016.

L. Yang, P. A. Agyakwa, and C. M. Johnson, “Physics-of-Failure Lifetime
Prediction Models for Wire Bond Interconnects in Power Electronic
Modules,” IEEE Transactions on Device and Materials Reliability,
vol. 13, no. 1, pp. 9-17, March 2013.

C. F. Bayer, U. Waltrich, A. Soueidan, R. Schneider, E. Baer, and
A. Schletz, “Enhancement of the Partial Discharge Inception Voltage
of DBCs by Adjusting the Permittivity of the Encapsulation,” in CIPS
2016; 9th International Conference on Integrated Power Electronics
Systems, March 2016, pp. 1-5.

G. Mitic, T. Licht, and G. Lefranc, “IGBT Module Technology with
High Partial Discharge Resistance,” in Conference Record of the 2001
IEEE Industry Applications Conference. 36th IAS Annual Meeting (Cat.
No.01CH37248), vol. 3, Sep. 2001, pp. 1899-1904 vol.3.

O. Hohlfeld, R. Bayerer, T. Hunger, and H. Hartung, “Stacked Substrates
for High Voltage Applications,” in 2012 7th International Conference
on Integrated Power Electronics Systems (CIPS), March 2012, pp. 1-4.
H. Hourdequin, L. Laudebat, M. Locatelli, and P. Bidan, “Design of
Packaging Structures for High Voltage Power Electronics Devices: Elec-
tric Field Stress on Insulation,” in 2016 IEEE International Conference
on Dielectrics (ICD), vol. 2, July 2016, pp. 999-1002.

M. Ghassemi, “PD measurements, Failure analysis, and Control in High-
power IGBT Modules,” High Voltage, vol. 3, no. 3, pp. 170-178, 2018.
C. F. Bayer, E. Baer, U. Waltrich, D. Malipaard, and A. Schletz,
“Simulation of the Electric Field Strength in the Vicinity of Metallization
Edges on Dielectric Substrates,” IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 22, no. 1, pp. 257-265, Feb 2015.

N. Wang, 1. Cotton, J. Robertson, S. Follmann, K. Evans, and D. New-
combe, “Partial Discharge Control in a Power Electronic Module us-
ing High Permittivity Non-linear Dielectrics,” IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 17, no. 4, pp. 1319-1326,
August 2010.

L. Donzel and J. Schuderer, “Nonlinear Resistive Electric Field Control
for Power Electronic Modules,” IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 19, no. 3, pp. 955-959, June 2012.

S. Diaham, S. Zelmat, M. . Locatelli, S. Dinculescu, M. Decup, and
T. Lebey, “Dielectric Breakdown of Polyimide Films: Area, Thickness
and Temperature Dependence,” IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 17, no. 1, pp. 18-27, February 2010.

C. W. Tipton, D. Ibitayo, D. Urciuoli, and G. K. Ovrebo, “Development of
a 15 kV Bridge Rectifier Module using 4H-SiC Junction-barrier Schottky
diodes,” IEEE Transactions on Dielectrics and Electrical Insulation,
vol. 18, no. 4, pp. 1137-1142, August 2011.

A. A. Abdelmalik, A. Nysveen, and L. Lundgaard, “Influence of Fast
Rise Voltage and Pressure on Partial Discharges in Liquid Embedded
Power Electronics,” IEEE Transactions on Dielectrics and Electrical
Insulation, vol. 22, no. 5, pp. 2770-2779, October 2015.

T. Liu, T. T. Y. Wong, and Z. J. Shen, “A New Characterization Technique
for Extracting Parasitic Inductances of SiC Power MOSFETs in Discrete
and Module Packages Based on Two-Port S-Parameters Measurement,”
IEEE Transactions on Power Electronics, vol. 33, no. 11, pp. 9819-9833,
Nov 2018.

L. Pace, N. Defrance, A. Videt, N. Idir, J. . De Jaeger, and V. Avramovic,
“Extraction of Packaged GaN Power Transistors Parasitics Using S-
Parameters,” IEEE Transactions on Electron Devices, vol. 66, no. 6,
pp. 2583-2588, June 2019.

X. Chu, C. Hwang, J. Fan, and Y. Li, “Analytic Calculation of Jitter
Induced by Power and Ground Noise Based on IBIS I/V Curve,” I[EEE
Transactions on Electromagnetic Compatibility, vol. 60, no. 2, pp. 468—
477, April 2018.

A. Bindra and A. Mantooth, “Modern Tool Limitations in Design
Automation: Advancing Automation in Design Tools is Gathering
Momentum,” I[EEE Power Electronics Magazine, vol. 6, no. 1, pp. 28-33,
March 2019.

A. Ebrahimi, “Challenges of Developing a Digital Twin Model of Renew-
able Energy Generators,” in 2019 IEEE 28th International Symposium
on Industrial Electronics (ISIE), June 2019, pp. 1059-1066.

14

Asger Bjorn Jgrgensen received the M.Sc. Energy
Engineering with a specialization in Power Electron-
ics in 2016 and the Ph.D. degree in 2019 from
Aalborg University, Denmark.

He is currently working as a Postdoc at the
Department of Energy Technology, Aalborg Univer-
sity. His research interests include power module
packaging, wide bandgap power semiconductors and
multi-physics finite element analysis.

Stig Munk-Nielsen received the M.Sc. and Ph.D.
degrees in electrical engineering from Aalborg Uni-
versity, Aalborg, Denmark, in 1991 and 1997, respec-
tively.

He is currently working as a Professor WSR
at the Department of Energy Technology, Aalborg
University. He has been involved or has managed
12 research projects, including both national and
European Commission projects. His research inter-
ests include low and medium voltage converters,
packaging of power electronic devices, wide bandgap

semiconductors, electrical monitoring apparatus for devices, failure modes, and
device test systems.

Christian Uhrenfeldt received his M.Sc. in Physics
from Aalborg University in 2004. In 2008 he re-
ceived the Ph.D. degree in the field of semiconductor
material science from Aarhus University.

He is currently working as Associate professor at
the Department of Energy Technology at Aalborg
University on power electronics packaging and ma-
terials. His research interests include packaging of
power modules, nondestructive testing and semicon-
ductor diagnostics in power electronics.





