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ABSTRACT Designing power electronics converters for harsh environments is challenging due to the
absence of components’ performance under harsh conditions, the frequent transition and data-passing among
various software, and the time-consuming and computationally heavy work flow. This paper promotes
using design automation to address the aforementioned design challenges. The implementations include
public-accessible component databases, automated co-action among circuit simulators and finite element
simulations to perform electrical, electromagnetic and thermal co-design, and finally an exclusion-based
work flow with hierarchical computation to reduce computational load. The theorized framework is ex-
emplified on designing a real world 175 °C 1.5 kW Three-level Neutral-point-clamped dc-dc converter.
A database containing the high-temperature characteristics of SiC MOSFETs and ferrites is established and
shared through a web application with graphical user interface. In 310 min, the program, which includes
computationally heavy 3D finite element simulation, delivers design output after evaluating the converter’s
electrical, electromagnetic and thermal performance under 10 million parameter sets. Finally, a 1.5 kW dc-dc
converter prototype is built and tested in 175 °C ambient temperature to verify the quality of the design output.

INDEX TERMS Application programming interface, component database, design automation, design
methodology, extreme temperature.

NOMENCLATURE

Abbreviations
API Application Programming Interface.
DAPE Design Automation for Power Electronics.
FEMM Finite Element Method Magnetics.
GUI Graphical User Interface.
IC Integrated Circuit.

MOSFET Metal-oxide-semiconductor Field-effect Transis-
tor.

PCB Printed Circuit Board.
RMS Root Mean Square.
SiC Silicon Carbide.
TLNPC Three-level Neutral-point-clamped.
ZVS Zero Voltage Switching.

Symbols
Dp, Ds Primary and secondary winding trace clearance.
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fs Switching frequency.
Lac1, Lac2 Ac inductances.
Lf Output inductance.
NB Number of interleaving layers of transformer.
TR Primary-to-secondary turns ratio of transformer.
Vcp Clamping voltage of snubber.
Wp, Ws Primary and secondary winding trace width.

I. INTRODUCTION
Designing a power electronics converter for harsh environ-
ments poses significantly greater challenges compared to
designing for room environmental conditions with the same
specifications. [1], [2]. Components exposed to harsh environ-
ments such as high or low temperature and strong radiation ex-
hibit excessive parameter drifts. For example, the permeability
of ferrite cores at cryogenic temperature (lower than −123
°C) can reduce to 10%∼50% of its nominal values at 25 °C
[3]. The on-resistance of Silicon Carbide (SiC) Metal-oxide-
semiconductor Field-effect Transistors (MOSFETs) exhibits
up to a five-fold rise when the ambient temperature is in-
creased from 25 °C to 225 °C [4]. Gate drivers can experience
up to 27% change of latency, i.e., rise time, fall time, turn-
on/off propagation delays, when exposed to a total ionizing
dose of 1000 Gy∼3000 Gy [5]. Conventional component- and
circuit-models for room conditions need to be upgraded with
extra parametrization. Moreover, since the interdependence
between component behavior and circuit performance can
be strong, harsh environment converter design involves both
component- and system-level designs. For instance, Fig. 1
gives the dominant parametric drifts in extreme tempera-
ture environments and highlights the necessary co-action of
software to correctly predict converter performance. Under a
certain ambient temperature, the parametric changes of power
semiconductor devices and Integrated Circuits (ICs) are firstly
characterized, then modeled in spice simulators such as LT-
spice. Afterwards, the simulated node voltage and branch
current are utilized as stimuli for electromagnetic simulation
of magnetic components in finite element software such as
COMSOL or Finite Element Method Magnetics (FEMM).
The simulated loss of individual components are eventually
used for obtaining temperature rise, which is fed back to cor-
rect the operating temperature of components. Such a routine
is repeated until the temperature rise converges. The entire
work flow requires consistent passing of data among differ-
ent design software, which would be a tedious task for the
designers. Furthermore, due to the extra parametrization in
modeling components, and the combination of multiple soft-
ware, the computation throughout the work flow is usually
time-consuming [2].

The previously presented difficulties of designing a con-
verter for harsh environments can be summarized as: the
absence of component performance in harsh environments,
the frequent transition and data-passing among software, and
the time-consuming computation of work flow. All of these
difficulties align with the challenges which design automation

aims to address. As concluded in the second Design Automa-
tion for Power Electronics (DAPE) workshop, future research
about design automation in the field of power electronics need
to concentrate on improving availability of component data,
standardizing Application Programming Interface (API) for
easy co-action among different software, and finally paradig-
matic change of work flow to reduce the complexity of the
design process [6]. Therefore, design automation is poten-
tially a solution to address all the difficulties of designing a
converter for harsh environments.

The idea of design automation is not new in the field
of power electronics. Automated routing of Printed Circuit
Board (PCB) tracks have been a built-in function of many
PCB design software for over 30 years [7], [8]. Automated
optimization of the ac inductor in a phase-shifted full-bridge
converter [9], automated topology selection based on specifi-
cations of power conversion [10], even an automated netlist
generation tool has been available since the 2000s [11]. These
early works of design automation in power electronics ei-
ther utilize analytical equations, or reside in one software
only. Cross-software implementations of design automation
did not exist. Besides, a component database had not yet
been established, and the evaluation of converter performance
thereby lacked accuracy. In the past ten years, more and more
researches dedicate to establishing a component-database, re-
alizing co-action of different design software, and exploring
efficient work flow of converter design. Component-databases
are released either solely as raw data [12], or as web applica-
tions with Graphical User Interface (GUI) such as the MagNet
Database from Princeton University [13]. Software co-action
has been progressively realized as well. For instance, Pow-
erSynth, which is developed by the University of Arkansas,
enables automated multi-physics design of power modules
for an optimized electrical thermal and mechanical perfor-
mance. [14], [15], [16], [17], [18]. The work flow used for
converter design have been mainly based on a methodology of
optimization, whose block diagram is sketched in Fig. 2 [19],
[20], [21], [22]. As shown, the circuit-level parameters (listed
in parametric setting, such as switching frequency, modulation
scheme and cooling methods, etc. [21]) and the component-
level (e.g., selection of semiconductor devices [19], design
of magnetic components [19], sizing of cold-plates [21]) are
optimized separately. In the beginning, a global optimizer ini-
tializes a number of random trial solutions for the circuit-level
parameters. A local optimizer then searches through libraries
or databases for the selection component-level parameters,
that gives the best converter performances (for example the
minimum total loss [19], or the lightest converter weight [21])
under current circuit-level parameters. Once the local opti-
mizations for all of the circuit-level parameters are completed,
the global optimizer looks through the best converter perfor-
mances that can be achieved by each set of the circuit-level
parameters, and decides the variation of which for next global
iteration. The entire optimization stops when the global opti-
mizer thinks that the converter performances cannot be further
improved, i.e., Pareto front has been found (as shown in the
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FIGURE 1. Example of components’ parametric drifts in extreme temperature environments and the co-action of software for converter design.

’Output’ area of Fig. 2). The features of the work flow uni-
versally adopted in literature (i.e., the one sketched in Fig. 2)
are:

1) The methodology is optimizing for the best design.
2) Use cost functions to combine multiple design objec-

tives into one.
3) Run through the same calculation in all iterations. Con-

sequently, numerical simulations, which take longer
time to execute than analytical models, are usually not
used in the work flow.

This paper advances design automation in the field of power
electronics, and uses the established design automation to
address the three challenges of designing converters for harsh
environments. Specifically, a web application is developed
to share data from component characterizations under harsh
conditions; circuit simulations and finite element analysis of
components’ electromagnetic and thermal performance are
automated and combined using software APIs; an exclusion-
based hierarchical work flow is proposed to include numerical

analysis into the automated flow without provoking an overall
heavy computational load. After this introduction, Section II
presents the exclusion-based work flow. In contrast to an
optimizing-based methodology, which optimizes for the best
of one combined cost function, the exclusion-based filters out
the disqualified ones with equal respect to judgements from
every design objectives. Section III presents a case study,
where the proposed work flow is applied step-by-step to a
1.5 kW Three-level Neutral-point-clamped (TLNPC) dc-dc
converter specified for operating under 175 °C ambient tem-
perature. A web application with GUI is developed to share
data obtained from characterizing SiC MOSFETs and ferrite
materials at 25 °C∼225 °C. Circuit simulator, FEMM and
COMSOL are integrated through MATLAB script environ-
ment to automatically perform electrical, electromagnetic and
thermal co-design. In 310 min, the program, which includes
computationally heavy 3D finite element simulation, deliv-
ers design output after evaluating the converter’s electrical,
electromagnetic and thermal performance under 10 million
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FIGURE 2. Block diagram of the design flow used in literatures about automatic converter design, i.e., [19], [20], [21], [22].

FIGURE 3. Block diagram of the exclusion-based hierarchical work flow (changes in regards to Fig. 2 are enclosed by the grey dashed lines).
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FIGURE 4. Screenshots of the developed web application for data sharing.

parameter sets. Finally, a 1.5 kW dc-dc converter prototype
is built and tested in 175 °C ambient temperature to verify
the quality of the design output. Section IV concludes this
paper.

II. THE EXCLUSION-BASED HIERARCHICAL WORK FLOW
Fig. 3 sketches the block diagram of the exclusion-based
hierarchical work flow. It differs from that of the method
illustrated in Fig. 2 as described:

1) No optimizer was used. The design methodology is not
optimizing for the best. Instead it filters out the disqual-
ified ones.

2) No cost function was used. Multiple design criteria are
set. Failure to meet any one of them disqualifies the
parameter set.

3) Computations are arranged in hierarchies according to
computational complexity. Parameter sets disqualified
in a low-complexity hierarchy will not go through high-
complexity computations.

Accordingly, the advantages of the proposed work flow
over the prevalence are:

1) Does not require design of optimizer.
2) Does not need formulation of cost function. All criteria

have physical meanings.
3) Overall computational complexity is reduced.
As shown in Fig. 3, the computation part is completely

re-structured. There are three main hierarchies, i.e., the first
with analytical calculations, the second with 2D numerical
simulations, and the third with 3D numerical simulations. The
computations of each main hierarchy can be further hierar-
chized. For example, in the analytical-calculation hierarchy,
the computational load of estimating switching speed can be
hundreds times heavier then that of calculating voltage gain of
a converter (although both are usually much lighter than a 2D
numerical simulation). For that reason, estimations of voltage
gain and switching speed should be put into different local
hierarchies, and be executed orderly. Implemented between
adjacent hierarchies is a filter that checks the results from the
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FIGURE 5. Block diagram of the hierarchical computation implemented in
the case study.

previous hierarchy, and pass the qualified parameter sets to the
next hierarchy.

The remaining changes are relatively small. The ’Cost
functions’ block in Fig. 2 is replaced by criteria defining
the converter’s worst allowed performances, such as ripple
current/voltage, total loss, temperature rise, switching speed,
volume. The output is no longer the best achievable perfor-
mance (Pareto front) as in Fig. 2. Instead, it is the solutions
that fulfill all of the defined criteria.

III. CASE STUDY:DESIGN AUTOMATION OF A
THREE-LEVEL NEUTRAL-POINT-CLAMPED DC-DC
CONVERTER
In this section, an example of implementing the proposed
work flow (Fig. 3) is given. The script is written in MATLAB.
The script is available for downloading from the link given
in [23]. The target is to design an 1.2 kV-input 600V-output
Three-level Neutral-point-clamped dc-dc converter with 3 kW
rated power. Additionally, the converter is required to operate
in an ambient temperature of 150 °C.

A. DEFINE INPUT
The converter specification has been defined, i.e., 1.2 kV input
voltage, 600 V output voltage, 3 kW rated power and 150 °C
operating temperature. Additionally, there are certain limita-
tions on the form of prototype. Details of the specifications of
the converter can be found in [24].

The parameters that need to be determined include six
on the circuit level, i.e., switching frequency fs (100 kHz
∼400 kHz with 50 kHz step size), two ac inductance Lac1

and Lac2 (each of 1 μ H∼ 6μH with 0.5 μH step size), turns
ratio of transformer TR (primary-to-secondary 0.5, 0.625 and
0.75), clamping voltage of output snubber Vcp (700 V, 800 V
and 900 V), and output inductance Lf (80 μH∼160 μH with
20 μH step size); and a few component-level parameters,
i.e., selection of powder cores for the output inductor, fer-
rite materials for the transformer and the ac inductors, and
the geometric parameters of transformer winding (number
of interleaving layers NB, primary winding width Wp, pri-
mary winding clearance Dp, secondary winding width Ws

and secondary winding clearance Ds). The switches (in this
case MOSFETs) are excluded from the parameters of the de-
sign flow, because they are directly selected based on current
rating, drain-to-source breakdown voltage and gate-to-source
capacitance.

The worst case performances are defined with regards to
duty-ratio loss (less than 0.08) and Zero Voltage Switching
(ZVS) realization of the converter (achieve ZVS at power
level above 1.2 kW), snubber loss (less than 15 W), loss and
temperature rise of each power MOSFET (less than 4 W and
25 °C, respectively), loss and case temperature of the trans-
former (less than 10 W and 20 °C, respectively), loss of each
ac inductor (less than 2 W), loss of the output inductor (less
than 10 W), and parasitic capacitance of transformer winding
(less than 15 pF). Analytical modeling of ZVS realization of
the converter can be found in [24].

B. ESTABLISH COMPONENT LIBRARIES
The converter is specified to operate under an ambient tem-
perature of 150 °C, where the components’ behavior can
have significant changes from that at room temperature.
Therefore, libraries of critical components must contain these
temperature drift characteristics. Considering 50 °C∼75 °C of
temperature rise due to self-heating of components, this de-
sign requires libraries that specify component characteristics
at 200 °C∼225 °C. Such component databases are absent at
present, and hence, have to be built from scratch.

Therefore, on resistance, threshold voltage, gate-to-source
and drain-to-source leakage current, and junction capaci-
tances of a few commercially available SiC power MOSFETs,
as well as BH curves of a few commercially available ferrite
materials are characterized at 25 °C∼225 °C ambient tem-
perature. The acquired data is then used to build up the two
libraries shown in Fig. 3, i.e., the MOSFET and the core
library. Powder cores have relatively high Curie temperature
(400 °C∼700 °C) compared to ferrite materials (below 260
°C), and hence, are less critical in high temperature converter
design. For this reason, a temperature-independent library for
powder cores published by Magnetics Inc is directly used, as
part of the core library in Fig. 3.

Using Streamlit, we have developed a web application
with GUI to share the component data obtained from high-
temperature characterization. Fig. 4 gives a screenshot of the
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FIGURE 6. Model settings and boundary conditions of the FEMM 2D simulations, i.e., the third-hierarchy computation, in the case study (So far the script
to interface FEMM is only able to automatically draw E-shape cores and planar conductors in planar 2D problems).

web application. The aforementioned component characteris-
tics acquired under 25 °C∼225 °C ambient temperature are
not only visualized, but also made available for downloading.
The web application can be accessed through the link given
in [25].

C. HIERARCHIZE COMPUTATIONS
Fig. 5 visualizes the implemented hierarchical computation.
In total there are four hierarchies, i.e., two for analytical cal-
culations, one for 2D numerical simulations, and the last one
for 3D numerical simulations. The calculations in the top three
hierarchies are executed in parallel by fifteen workers.

The first hierarchy uses analytical equations, which have
been published in [26], to estimate circuit-level behavior of
the TLNPC dc-dc converter. After the calculations of this
hierarchy, the parameter sets are justified by the circuit-level
criteria, i.e., duty-ratio loss, ZVS realization and losses in
snubber circuit. The search space is squeezed before starting
calculations in the second hierarchy.

The first-hierarchy calculations also output the converters’
waveforms, among which the critical ones are the current
through the MOSFETs, the current through and the voltage
across the transformer, the ac inductors and the output in-
ductor. These critical waveforms are then used in the second
hierarchy to calculate the conduction loss of the MOSFETs
and the loss of the magnetic components. The calculation of
the MOSFET loss is simply based on the Root Mean Square
(RMS) value of the MOSFET current and the on resistance
of the MOSFETs under current ambient temperature. The
winding loss of the magnetic components are estimated under
an assumption that the current is distributed evenly in copper
with 4 A/mm2 density. The core loss of the magnetic compo-
nents are estimated using the Steinmetz’s equation, where the
coefficients are extracted from the core library, and the max-
imum flux density and the frequency are determined by the
frequency spectrum of the volatge waveform obtained from
the first-hierarchy calculations. After the second-hierarchy
analytical calculations, parameter sets that lead to excessive

loss in the MOSFETs and the magnetic components are
excluded.

The third-hierarchy refines the modeling of winding loss
in the previous hierarchy. Additionally, it estimates the case
temperature of the MOSFETs and the transformer, and the
parasitic capacitance of the transformer winding. FEMM is
used to carry out the simulations [27]. The design flow inter-
faces with the FEMM software by its API to MATLAB. The
geometric settings and the boundary conditions of the FEMM
simulations are summarized in Fig. 6. As shown, all simula-
tions are planar 2D problems. In the transformer simulations,
the window area that is not occupied by conductors is assumed
to be filled with FR4 material. In the electrostatic simulation
of the transformer, the planar conductors are simplified as
line segments. In the heat flow simulation of the MOSFETs,
a heat sink with dimension of 21 mm × 42 mm is attached
to the MOSFET with 2mm-thick thermal interface material
in between. The exposed segments of the MOSFET and the
thermal interface material, and the segment of the heat sink
that is attached by the thermal interface material, are assumed
to be adiabatic. After the third-hierarchy FEMM simulations,
parameter sets that result in overheating of the transformer or
the MOSFETs, or lead to excessive parasitic capacitance in
the transformer winding are excluded.

The last hierarchy, i.e., the fourth, carries out 3D FEM
simulations to check the accuracy of winding loss modeling
in the FEMM 2D simulations in the previous hierarchy. In this
case study, the parameter set that gives the minimum trans-
former winding loss according to the FEMM simulations is
picked out for 3D verification. COMSOL Multiphysics is used,
and is interfaced through one of its APIs called LiveLinkTM

for MATLAB. Fig. 7 shows the transformer 3D model that is
automatically draw by the program.

D. OUTPUT OF THE CASE STUDY
Fig. 8 visualizes the problem size and the computing time
of each of the four computational hierarchies of the case
study. In total there are 9676800 parameter sets that need
to be evaluated. The first-hierarchy computation filtered out
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FIGURE 7. 3D model of transformer automatically created in the case
study (So far the script to interface COMSOL is only able to automatically
draw E-shape cores with planar conductors and toroid cores with round
wires).

FIGURE 8. Problem size and computing time of each of the four
hierarchies in the case study.

two thirds of them. The second hierarchy evaluated 3251200
parameter sets, and passed 21504 of them to the third. In the
end, 42 parameter sets remained and were fed to output. One
of the 42 was picked out for validation of winding loss by 3D
FEM simulations. The entire DA program was executed on a
PowerEdge R740 Rack Server (installed with two Intel Xeon
Gold 6148 processors) from DELL. With 15 workers running
in parallel, the total computing time is 310 min.

Fig. 9 gives the 42 solutions recommended by the design
flow. As shown, they are distinguished by slight variations
the clamping voltage, the output inductance, the clearance of
transformer primary winding, and a large difference in the
second ac inductance, and the powder core material. It should
be noted that although being different solutions, they all fulfill
the design criteria specified in Section III-A. A final solution
is selected considering availability and lead time of powder
cores.

The winding loss from COMSOL 3D simulation is 2.7 times
of that from FEMM 2D. Using the winding loss from 3D
simulation, the case temperature of the transformer core is
estimated to be up to 200 °C. Therefore, the thermal design
of the transformer may need adjustments, such as increas-
ing convective heat transfer from the core to environment,

FIGURE 9. The 42 solutions of the design flow (Each polygon outline
represents one solution. Value of parameters are unified with regards to
the maximum). Abbreviation: Mat.-material.

FIGURE 10. Test setup of the designed TLNPC dc-dc converter.

or implementing direct heat transfer from the winding to
environment.

A TLNPC dc-dc converter prototype was built according
to the design output. The prototype was tested at ambient
temperature up to 175 °C. Fig. 10 shows the test setup and
the prototype. The case temperatures of the transformer core,
the transformer winding and one of the four MOSFETs were
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FIGURE 11. Measured efficiency and total loss of the TLNPC prototype
over ambient temperature @ 1kV-input voltage, 600V-output voltage and
1.5kW-output power.

FIGURE 12. Estimated loss breakdown of the prototype @ 1kV-input
voltage, 600V-output voltage, 1.5kW-output power, and 175 °C ambient
temperature.

sensed by K-type thermocouples. The input of the prototype
was connected to a SM1500 DC power supply from Delta-
Elektronika. The output of the prototype was connected to
a 250 � load resistor. The input voltage and current were
read from the front panel of SM1500. The output voltage and
current were measured through FLUKE 175 multi-meters.

Fig. 11 plots the measured efficiency and loss of the proto-
type over ambient temperature. As shown, the efficiency drops
with temperature. The total loss of the converter increases
by 27% at 175 °C ambient temperature with reference to
that at 50 °C. Fig. 12 gives the estimated loss breakdown
of the prototype running at 175 °C ambient temperature. As
shown, the transformer contributes the highest loss among the
components. In spite of that, such a relatively high loss is the
actually the lowest that can be achieved under the criteria of
keeping the parasitic capacitance of the transformer winding
below 15 pF. If, for example, the criteria of parasitic capaci-
tance is loosened to 39 pF, the minimum transformer winding
loss could theoretically be halved. In this design, to ensure
functional operation of the converter, the criteria of parasitic
capacitance was kept at 15 pF. Consequently, the transformer
was overheated. Fig. 13 shows the case temperature of the

FIGURE 13. Measured case temperature of the MOSFET, the transformer
winding and the transformer core @ 1kV-input voltage, 600V-output
voltage, 1.5kW-output power, and 175 °C ambient temperature (Test was
stopped at 250 s time cap as the transformer core reached 200 °C).

MOSFETs, the transformer winding, and the transformer
core, respectively. The MOSFETs did not overheat. However,
the temperature rise of the transformer quickly reached 25
°C. The issue of transformer overheating will be addressed
with improved cooling methods, such as encapsulating the
transformer in thermally conductive compound.

IV. CONCLUSION
This paper promotes using design automation in the field of
power electronics. Obtained component characteristics should
be established as public accessible databases, as well as the
scripts manipulating the co-action among different design
software. The current methodology of optimizing in converter
design has a drawback of fuzzing the judgement of individual
criterion. Incorporating a methodology of exclusion, which
equally respects the judgements from all the criteria, could
help reduce computational load. However, an obvious dis-
advantage of the proposed exclusion-based methodology is
that it does not produce the best achievable outcome of each
design objective as the optimization-based methodology does.
Therefore, the two methodologies differ in capabilities and are
suitable for different design scenarios:

1) The optimization-based methodology overlooks the en-
tire design space and glimpses the limit of every design
objective. Its computation encompasses a large (relative
to the exclusion-based option) number of iterations, and
usually chooses analytical component- and circuit mod-
els to limit the overall computational load. To ensure
a correct estimation of the converter performance, the
analytical models have to be accurate. Therefore, the
optimization-based methodology is suitable for design
cases where the behaviours of circuits and components
are well studied and have been analytically modeled.

2) The exclusion-based methodology abandons a fraction
of the design space immediately if the fraction fails to
meet any one of the design criteria. Whether or not the
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remaining criteria are satisfied in the abandoned fraction
is not estimated. The reduced number of computational
routines allows the exclusion-based methodology to use
complicated component- and circuit-models. Therefore,
the exclusion-based methodology is suitable for design
cases where either the component- or the circuit-models
are computationally heavy.

This paper proposes that converter design for harsh en-
vironments, where the computational load is heavy due to
the high complexity of component models and the frequent
data-passing among software, will especially benefit from de-
sign automation with the exclusion-based methodology. To
prove this claim, an 175 °C 1.5 kW Three-level Neutral-point-
clamped dc-dc converter is designed using design automation.
A database containing the high-temperature characteristics
of SiC MOSFETs and ferrites is published through a self-
developed web application. An exclusion-based work flow
is built to realize the design automation. In 310 min, the
program, which includes computationally heavy 3D finite
element simulation, delivers design output after evaluating
the converter’s electrical, electromagnetic and thermal per-
formance under 10 million parameter sets. Finally, a 1.5 kW
dc-dc converter prototype is built and tested in 175 °C ambient
temperature to verify the quality of the design output.
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