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This booklet summarizes the key results of 
the research project HiPERFORM – high 
performant wide bandgap power elec-
tronics for reliable, energy efficient dri-
vetrains and optimization thRough Multi-
physics simulation– funded by the ECSEL 
Joint Undertaking (Call 2017).

Wide bandgap (WBG) semiconductors are seen as an 
enabler for the development of the next generation 
of electrified vehicles by helping to reduce current 
drawbacks like price, driving range and charging 
times of electrified vehicles. 
Therefore, the ECSEL JU project HiPERFORM was set 
up to support the introduction of WBG semiconduc-
tors in the automotive industry (electrified vehicles 
and associated charging devices and infrastructures) 
and hence getting rid of the drawbacks mentioned 
before. Compared to widely used silicon semicon-
ductors, WBG materials like Silicon Carbide (SiC) 
and Gallium Nitride (GaN) will help to reduce energy 
losses, size, and weight of power electronics due to 
favorable capabilities with respect to switching per-
formance, operating temperatures, and power den-
sities. Further by introducing new production pro-
cesses also costs will come down for this new and 
innovative devices.

The HiPERFORM project covered different automo-
tive applications in 6 industrial use cases. This inclu-
ded inverters for electric vehicles at different power 
levels, power electronic converters for on-/off-board 
charging systems, and power electronics for testing 
systems for electrified vehicles. Additionally, a discre-
te wafer test bench for GaN switches with novel ma-
terials was developed to support the cost reduction 
and an increase in long term reliability of these de-
vices. 
After three and a half years of project runtime, almost 
all set objectives have been achieved as planned. 
Within this deliverable you can see the achieved re-
sults and learn about the benefits for the end users.
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HiPERFORM

THE PROJECT
INTRODUCTION

HiPERFORM started in 2017 with the Vision of a resource-efficient and decarbonized 
transportation system, supported by the use of advanced and highly integrated wide 
bandgap (WBG) technologies in electronic power circuits of electrified vehicles and 

charging infrastructures. The project HiPERFORM investigated the industrial applicability 
of high-performance semiconductors with wide bandgap (WBG) materials in the field of 

Smart Mobility, developing the next generation of Electrified Vehicles (EV). With a holistic 
approach, 31 consortium partners from 8 different countries represent the entire supply 

chain, ranging from semiconductor up to vehicle manufacturers. 

The project addressed developments along the whole value chain by 
• developing advanced WBG production processes
• designing new power devices and switches
• integrating power devices and switches into sub-systems and
• evaluating the newly developed devices on system level in six industrial use cases

The industrial use cases comprised thereby the introduction of WBG power devices in different EV applications like traction Inverters at 
different power levels, off- and on-board charging solutions, as well as testing systems for electrified vehicles. Additionally a dedicated 
use case for benchmarking the performance of the next generation materials for GaN power switches was part of the project. The use 
cases and their leaders are as follows:

UC 1 - TEST SYSTEM CONCEPTS FOR E-COMPONENTS IN THE POWERTRAIN  

(AVL List GmbH)
Development of highly efficient, compact and dynamic test and emulation systems for 
electric components in EVs using latest SiC and GaN technology.

UC 2 - DISCRETE WAFER TEST-BENCH FOR GAN SWITCHES WITH NOVEL  
MATERIALS (Interuniversitair Micro-Electronica Centrum vzw)
Benchmarking performance of next generation materials for power switches fabricated in 
GaN using an on-wafer testbench, assessing performance merits for use of these mate-
rials in power subsystems for automotive applications.

UC 3 - WBG POWER MODULES FOR INVERTERS  
(AVL Software and Functions GmbH / Infineon Technologies AG)  
Demonstration of the capabilities of SiC based power electronics targeting automotive 
inverter applications with special focus on advanced SiC based power modules.

UC 4 - IN-WHEEL ELECTRIFIED POWERTRAIN CONCEPT WITH DUAL INVERTERS 
(Centro Ricerche Fiat SCPA)  
Demonstration of a complete powertrain conceived with capabilities of WBG materials, 
featuring high power density and high efficiency dual SiC inverter.

UC 5 - DESIGN AND MANUFACTURING OF ON-BOARD CHARGING SYSTEM BASED 
ON GAN TECHNOLOGY (Powerdale sa)  
Demonstration of GaN-based power electronic converter for on-board charger, featuring 
more compact system, high efficiency and high power density.

UC 6 – OFF-BOARD CHARGING SYSTEM WITH SIC SWITCHES/MODULES  

(Heliox BV)  
Demonstration of the technological possibilities for high power conversion electric vehicle 
chargers (up to 150kW), as opened up by the future availability of WBG power devices.
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Objective 1: Long-term cost reduction and reliabi-
lity improvement for GaN switches

 
At project start the first objective was focused on the develop-
ment of advanced production processes and methods for GaN 
based switch technologies for the application in the automoti-
ve domain. As of today, still GaN devices are rare in automotive 
applications. The achieved results especially in the area of po-
ly-AlN production processes are very promising and lead to de-
vices with 650 V and even 1200 V blocking voltage. The results 
are already being fed into follow up projects like HiEFFICIENT. 
There for example the 650 V GaN switches will be applied 
in vehicle applications, like on-board chargers and inverters. 
Secondly the development of sputter deposition of AlN (Alu-
minium Nitride) and GaN (Gallium Nitride) films aimed at a 
long-term cost reduction of 40% in comparison with existing 
techniques as of today. It could be shown that the proposed 
methods are feasible but still a lot of research needs to be 
done. This especially relates to the quality of sputter depo-
sited AlN and GaN films to become at least equal with con-
ventional MOCVD (Metalorganic Chemical Vapour Deposition) 
deposited films. It is clear that meeting or exceeding this qua-
lity is a fundamental requirement for industrialization of this 
technology. Total cost of ownership calculations confirmed 
the high potential cost advantage of the sputter technology. 
Furthermore a dedicated use case worked towards the high 
reliability requirements of the automotive industry with respect 
to power electronics devices, which are expected to be fulfil-
led with SiC-switches already today, but to close the gap for 
GaN-switches. Hence a test bench was developed covering a 
wide range of experiments to characterize the latest develo-
ped switches.

PROJECT OBJECTIVES AND 
ACHIEVED RESULTS
Within the framework of HiPERFORM, work was carried out very successfully to achieve the am-
bitious project goals: be it the development of new GaN production processes, the improvement 
of the efficiency of power electronic systems or the reduction of spatial volume. What has been 
achieved has been realized in various use cases, with each use case contributing to a subset of 
the goals. The most important goals per use case are highlighted with the corresponding symbols 
in red later in this document. A more detailed overview is given in the following. 

Objective 2: Powertrain applications based on 
WBG switches with high switching frequencies, 

having 30% less energy loss and energy  
efficiency of up to 98%

Wide bandgap semiconductors are beneficial compared to 
standard Si (Silicon) devices by means of higher switching fre-
quencies and less switching losses. Further, operating tempe-
ratures can be increased. Altogether, wide bandgap semicon-
ductors allow for greater efficiency, smaller size, lighter weight 
and hence increase power density.

Based on these characteristics, partners in HiPERFORM deve-
loped architectures for switching topologies and controllers 
with SiC and GaN switches that support very high switching 
frequencies (e.g., using 300 kHz in an on-board charger appli-
cation, or even 800 kHz in a power board for testing applica-
tions) and having more than 50% less energy losses in com-
parison to existing architectures. HiPERFORM partners were 
able to demontrate an energy efficiency of even greater 98% 
in power train applications.

Hence, the set targets could be more than met in full and the 
next step towards energy-efficient electrified vehicles was ta-
ken.

Obejctive 3: Power electronics subsystems with 
50% less spatial volume

By exploiting the potential of wide bandgap semiconductors 
with respect to higher operating temperatures, less switching 
losses and high switching frequencies, much more compact 
power electronics systems can be built. Due to this fact more 
compact cooling solutions as well as a smaller passive compo-
nent can be introduced. 

Using 3D simulations to optimize the thermal management as 
well as the power electronics design, WBG based power elec-
tronic subsystems were shown to be up to 50% smaller than 
Si based solutions. This is a decisive factor for a higher level 
of flexibility on vehicle design for future electrified vehicles.

Obejctive 4: EMC compliant WBG based system 
with same reliability and safety as with SI techno-

logy

Key for the application of WBG power devices in automotive 
applications is EMC (Electro Magnetic Compatibility) complian-
ce as well as a reliability and safety of the system at the same 
level as for drivetrains with Si-technology.

Within HiPERFORM innovative EMC concepts, such as for a 
traction inverter using a “Dual-DC-LINK” to reduce the stray-in-
ductances or plastic coolers to improve the EMC performance, 
have been developed, outperforming state of the art soluti-
ons. Additionally reliability and safety concepts were in focus 
of the developments. Using HIL simulation environments, tho-
rough safety analysis of complete drivetrains were performed. 
Also the benefits of using 6-phase in-wheel motor designs for 
increased fault tolerance was demonstrated.
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Until now no GaN power switches are available worldwide that are qualified for automotive applications. 
This is mainly due to the high costs of the GaN on Si fabrication by the conventional Metal organic vapour 
phase deposition (MOCVD) technology. Due to the high costs of the required metal organic precursors 
of high purity and due to the low deposition rate of the MOCVD presently there is little potential of cost 
reduction in the MOCVD. In the HiPERFORM project therefore a new approach was taken. New materials 
were investigated, which can lead to cost reduction and/or improved performance. This should be achieved 
by using sputtered AlN nucleation and buffer layers for GaN, which can be deposited at significantly lower 
cost (at least by a factor of 2 is expected) compared to the currently used MOCVD technology. Secondly, 
poly-AlN should be used as a substrate material for (Al)(Ga)N growth, enabling performance far out of reach 
for GaN-on-Si wafers, i.e. buffer thickness at least 3 times larger and defect densities 20 times lower.

At the project start no information was available on the potential and 
characteristics of GaN switches fabricated on the novel materials 
(poly-AlN & sputtered AlN templates). The work performed in 
this use case was the first in-depth analysis and performance 
comparison. This information should pave the way for future 
adoption of novel materials by the European GaN industry and 
enable next generation performance (i.e. higher breakdown, lower 
cost and better reliability).

Regarding sputter deposition, at the beginning of the project, the 
state of the art of sputter deposition of AlN was the established 
technology for the deposition of polycrystalline material for 
piezoelectric applications, especially in RF filters such bulk Acoustic 
Wave (BAW) devices or as actuators in MEMS devices. There was 
no established sputtering technology for sputtering GaN because 
the low melting point of metallic Ga and the resulting liquefaction of 
the Ga sputtering target presented a number of difficulties..

POWER ELECTRONIC 
SWITCHES WITH 
NEW MATERIALS

INNOVATIONS

SPUTTER DEPOSITION OF ALN AND GAN
In the HiPERFORM project Fraunhofer FEP together with the equipment suppliers scia Systems and Creavac 
developed reactors for the sputter deposition of AlN and GaN films. The technology is based on reactive sputtering 
of Al and Ga targets in a gas mixture of nitrogen and inert gas. Special features of the sputter chambers include 
RF substrate bias and substrate heating up to 900°C. Fig. 1 shows the cluster sputter equipment with the two new 
process chambers. 

SPUTTER DEPOSITION OF GAN 
For magnetron sputtering of Ga a special target cooling was developed (Fig. 2) to keep the Ga sputter target solid 
despite its low melting point of 30°C and despite the significant heat flux to the target caused by energetic plasma 
ions and caused by radiation from the heated substrate. The project partner Sindlhauser Materials developed a 
special target bonding technology to bond the Ga as solid target without liquefaction to the backing plate to prevent 
impurity diffusion into the Ga material.

With respect to the state of the art the following is new:
• New concept of substrate heating in sputter equipment: typically sputter equipment uses temperatures up to 

600°C; heating up to 900°C was established within the project; this was highly demanding, because in contrast 
to the conventional MOCVD deposition technology, where the substrate can be heated by radiation heating 
from all sides in the sputter equipment the access to the substrate is strongly limited by the sputter source itself.

• Technology for keeping the Ga sputter target solid during bonding and during sputtering

Fig. 1 HiPerform cluster sputter equipment with clean room attachment

Fig. 2 Test setup for high power target cooling: Despite strong heating using hot plate, the backing plate stays 
below 0°C and shows icing due to the cooling.
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SPUTTER DEPOSITION OF ALN
The results of AlN deposition clearly show epitaxial growth of the AlN 
films deposited onto Si (111). Fig. 3 shows in the theata-2theta scan the 
same 002 orientation of the sputter deposited AlN as the MOCVD-
deposited film. The XRD (X-ray deflection) pole figure in Fig. 4 shows the 
epitaxial growth resembling the same symmetry as the Si (111) substrate. 
Fig. 5 displays the rocking curves of the AlN (002) out of plane and AlN 
(100) in plane peaks. The FWHM (Full width at half maximum) values 
of these rocking curves are already close to those of the MOCVD 
technology. Deposition of up to 500 nm AlN films onto 8” Si yielded 
very low warp (<30 µm) of the wafer, demonstrating the potential of 
obtaining low film stress. Next steps in the development will be the 
reduction of AlN roughness, using especially the possibilities of pulse 
magnetron sputtering to adjust energetic substrate bombardment by 
varying pulse parameters. 

The GaN deposition by sputtering from a metallic Ga target in Ar/N2 gas 
showed a behaviour different from other established reactive sputter 
technologies (like AlN sputtering). It was suspected that this stems 
from the partial surface liquefaction of the Ga target during sputtering, 
resulting in a changed interaction between Ga target surface and 
reactive gas. A closed loop reactive gas control was developed to 
guarantee stability and reproducibility of the reactive sputter process. 
It is based on the optical plasma emission of a Ga line.

Fig. 3 XRD analysis of AlN film (Theta-2 –Theta –Scan): 
Sputter deposited films show as those deposited by con-
ventional MOCVD the pure (002) orientation

Fig. 4 XRD pole figure of the sputtered AlN films demon-
strates the epitaxial growth of the films on the Si(111) wafer

Fig. 6 Reactive gas control for the deposition of GaN by reactive sputtering 
from Ga in Ar/ N2 gas. The diagram depicts the dependency of the resulting 
N2 flow on the setpoint of the OED control, that represents the plasma emis-
sion of a Ga line.

Fig. 5 XRD rocking curves of the sputter deposited AlN films demonstrate the 
good crystallinity of the films

Compared to the state of the art the following was achieved:
• Sputter deposited AlN previously was polycrystalline material, 

that could be used as piezoelectric film, e.g. in MEMS 
(Microelectro mechanical Systems) devices or in rf filters. FWHM 
of 002 rocking curve of the best films reported was in the range 
of 1.3…3.3° . The significantly reduced FWHM value 0.72° of the 
(002)-rocking curve shows the strongly improved crystalline 
quality.

• High rate (1,5  nm/sec compared to 0,05  nm/sec in the 
conventional MOCVD technology) epitaxial sputter technology 
at the wafer size 8”. Low warp of the wafers until AlN film 
thickness of 500 nm demonstrating low stress.

• So far, only a view attempts of sputter deposition of GaN have 
been  reported. The main issue besides the liquefaction of the 
target during sputtering were the difficulties in establishing a 
suitable reactive gas control. In the project the basis for GaN 
sputtering was established by a closed loop reactive gas 
control based on the optical emission of sputtered Ga material.

OUTLOOK
During project runtime also limitations became obvious which need 
further research:
• Heating in sputter equipment to the high target temperature is 

very ambitious. A break of the quartz window of the radiation 
heater showed the difficulties due to the limited space and 
caused a significant delay. Furthermore, temperature uniformity 
of all applied heaters on 8” was not sufficient.

• The vacuum level of the adapted (existing) AlN sputter chamber 
did not reach the expected low background gas level. This 
could be the reason that not quite the same AlN quality is 
achieved as with MOCVD.

• The backside contamination of wafers processed in the 
chambers at high temperatures exceeded the acceptance 
limit of imec further processing in a production line. A cleaning 
solution was established to remove contaminations.

• Technological effort of the AlN sputter technology was higher 
than estimated. Reproducibility of film properties is not yet fully 
given.

However, no principal limitations of the sputter technology were 
found. With further research, it should be possible, to raise  the quality 
of sputter deposited AlN and GaN films to the level of conventional 
MOCVD deposited films. It is clear that meeting or exceeding this 
quality is a fundamental requirement for industrialization of this  
technology. Total cost of ownership calculations confirmed the high 
potential cost advantage of the sputter technology.

Tangible results

EQUIPMENT
By reworking an existing cluster sputter equipment, a 
dedicated sputter equipment was established for the 

deposition of AlN and GaN films.

MAGNETRON DRM 400
A special version of the Double Ring Magnetron 

DRM 400 was devised, designed and manufactured. 
It comprises the high power target cooling and 

improved vacuum conditions. It targets at the uniform 
coating of 8” substrates by the superposition of film 

thickness contributions of two concentric discharges.

DEPOSITED FILMS OF ALN AND GAN
In the course of the development AlN and GaN films 
were deposited, that were characterized thoroughly 

with regard to their physical properties.

Fig. 7 Dedicated deposition chamber for GaN deposition: 
The photo shows the radiation heater on top of chamber, 
magnetron sputter source is located on the lower side of 
the chamber to allow sputter-up because of the potentially 
liquid Ga target. Chamber is UHV sealed for good vacuum 
conditions

Fig. 8 Special version of magnetron DRM 400 for the sput-
ter deposition of AlN and GaN onto 8” substraters

Fig. 9 SEM of 500nm AlN deposited 
onto Si (111)
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Many of the existing power electronic system architectures 
and interfaces (inverters, chargers, DC/DC converters, etc.) are 
designed based on Silicon (Si) switches. Emerging wide bandgap 
(WBG) semiconductors (SiC and GaN) are promising alternatives 
for the next generation of these devices, but a lack of technology 
maturity, design optimization, packaging and control algorithms 
limit their widespread application. Moreover, multiphysics modelling 
and thermal management have not been fully addressed before. 
Accordingly, at the beginning of the project, there was a strong 
need to develop accurate models for these power electronic 
systems based on WBG switches. An additional challenge was to 
design and develop new low-level control systems to cope with 
the high-switching frequencies and the fast dynamics of these 
WBG switches and to ensure more stability for the drivetrains. 
Furthermore, accurate measurements of key variables or 
parameters for such systems are highly challenging due to high 
electromagnetic interferences.

PROGRESS BEYOND STATE OF THE ART
HiPERFORM has achieved the following:
• Design optimization of drivetrain sys-

tems such as inverters, chargers and 
converters and their electronic subsys-
tems based on WBG technologies in 
terms of topology, system architecture, 
passive components, compactness and 
thermal behaviour.

• Development of robust non-linear ad-
aptive control algorithms based on new 
accurate models in order to cope with 
the high nonlinearity of the system due 
to the operation at high switching fre-
quencies.  

• Development of innovative virtual sen-
sors and advanced high-frequency 
measurement technologies with an op-
timized location within the electronic 
systems.

• Introduction of new integrated cooling 
systems and novel thermal management 
concepts to optimize the thermal design 
and management of the power electro-
nics interface topologies based on WBG 
devices. This allows the electronic sys-
tems to operate at high switching fre-
quencies and higher temperatures and 
be more energy efficient. 

• Integration of these achievements resul-
ted in a co-design system optimization 
tool to achieve an optimal trade-off in 
terms of performance, efficiency, cost, 
and compactness. This enables desig-
ners to investigate and optimally design 
the power electronic systems based on 
WBG technology in any drivetrain ear-
ly in the development phase and help 
them to improve the compactness and 
packaging with high power density.

In concrete terms, this led to the following 
objectives:
• Optimization of the technology and 

topology of drivetrain (sub)systems to 
reduce their volume and weight up to 
50% and increase the energy density 
to 98%.

• Multi-physics simulation for a better 
understanding of the dynamic behaviour 
of the next-generation WBG solutions.

• Robust control algorithms and strategies 
to comply with the fast dynamics of 
these WBG technologies operating at 
high-switching frequencies.

• Assessment of SiC and GaN technology 
in terms of reliability, stability and 
compact packaging.

• TCO (Total Cost of Ownership) 
optimization up to 50% considering 
lifetime and reliability factors.

ARCHITECTURE 
OPTIMIZATION AND 
CONTROLLERS

INNOVATIONS

TANGIBLE RESULTS

Drivetrain design optimization and ad-
vanced switching topologies
A design optimization framework (Fig. 1) was 
established to determine the most conve-
nient design for the drivetrain systems, such 
as inverters, chargers and their electronics 
systems with respect to optimizing the volu-
me, weight and efficiency. 
Designers need to determine objectives, 
identify a set of variables for the optimizati-
on process, and select an optimal algorithm. 
The framework made it possible to:
• select the appropriate topology for the 

drivetrain systems 
• determine the optimal switching fre-

quency for power electronic systems 
based on WBG technologies.

• perform a multi-objective genetic algo-
rithm (MOGA) optimization to minimize 
the total loss and the total volume of 
the drivetrain systems (applied in the 
different use cases).

• optimize the parameters of the passive 
filters of such systems with respect to 
switching frequency and system effi-
ciency variation

• address stringent current ripple requi-
rements of test systems

• minimize computing time during the 
development and design phase

• apply integrated and modular approa-
ches for these systems
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Fig. 1 Design optimization framework for determining the appropriate design of 
drivetrain systems in terms of volume, weight and efficiency

Fig. 2 Overview of the operational structure of the design optimization 
framework for an off-board charger

Fig. 3 Optimal solutions a 175 kW SiC-based off-board charger with a 
volume of 15l and an efficiency of 97%, at a switching frequency of 51 kHz
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ROBUST CONTROL ALGORITHMS AND STRATEGIES
The new robust control algorithms developed in HiPERFORM for 
dedicated power electronics interfaces based on WBG technolo-
gies (i.e. SiC and GaN) have proven their correct functioning and 
implementation in different simulation environments. Different al-
gorithms have been applied depending on the application. 

• Model predictive control has been developed for an interlea-
ved buck converter with an inductor machine.

• Field-oriented control with current and speed control has 
been applied to control an inverter for a permanent magnet 
synchronous motor (Fig 4 and Fig. 5).

• Torque control, torque vectoring and multiphase motor con-
trol have been developed for a dual inverter to control two 
electric in-wheel motors. 

• Four control loops have been designed to meet require-
ments of power factors, total harmonic, current ripple, voltage 
ripple, and response time during the charging process of an 
electric vehicle with an on-board charger.

• Controllers for active power regulation and voltage quality 
support have been developed to control an off-board char-
ger for electric buses.

Fig. 4 Field-oriented control architecture for an inverter

Fig. 5 Field-oriented control architecture for an inverter
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HIGH-FREQUENCY MEASUREMENT TECHNOLOGIES
The correct functioning of the developed control algorithms 
for the new WBG devices operating at high-switching fre-
quency depend heavily on accurate measurements. This 
was enabled by the development of

• virtual sensors and the optimization of their locations 
in power-electronics systems for inverters, on-board 
chargers (Fig. 6) and off-board chargers 

THERMAL MODELLING AND COOLING SYSTEM 
OPTIMIZATION
Electro-thermal models as well as 3D simulation models of 
the power electronics systems have been developed and 
linked to a final best cooling concept required for the ther-
mal management of the system (Fig. 7). Additional results 
are:

Fig. 6 General structure of a thermal-virtual sensor for an on-board charger for electric vehicles

Fig. 7 Thermal and cooling simulation of a dual inverter for UC4

• a measurement system for data acquisition of fast  voltages and 
currents 

• telematics hardware for sensor data collection in a vehicle
• centralized sensor fusion approach and ADC (Analog Digital Con-

verter) data processing within a noisy environment for an ultra-fast 
control platform in battery testing systems 

• high-frequency integrated sensors are implemented for high-     
accuracy measurements

• accurate power loss modelling for power electronics systems
• implementation of a physics-based model order reduction tool to 

automate the generation of equivalent thermohydraulic networks.
• decrease of hot spots by applying an optimized  ribbon structure 
• unique cooling concepts for both direct and indirect cooling 
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PACKAGING & MATERIALS ON 
MODULE LEVEL, THERMAL 
MANAGEMENT, SIMULATION 
TECHNOLOGIES

INNOVATIONS

For a reliable and long lifetime of power modules for automotive converters, the temperature needs to be 
controlled within allowed limits and uniformly across the modules. Typical automotive applications come 
with requirements and specifications to the cooling system which dissipates the heat from the modules. 
Therefore, the use cases provide for corresponding operating constraints. 
When starting the HiPERFORM project, Silicon (Si) IGBT (insulated-gate bipolar transistor) -based power 
module were standard in Electric Vehicle (EV) applications. A key technology developed in the project 
is a double-sided cooled (DSC) power module with Silicon Carbide (SiC) semiconductors chips. The DSC 
of the package enables new mechanical architectures and layouts for power electronics in automotive 
applications. This design freedom is expected to lead to more compact and lighter power electronics 
designs which can be a big differentiator in automotive applications. Additionally, due to the introduction of 
SiC technology an increase of switching speed from 5-10 kV/μs to up to 50 kV/μs is expected which will lead 
towards further advances in inverter design.
For the developed HiPERFORM SiC power modules of Infineon (IFAG), a detailed analysis and assessment 
was performed to optimize the thermal management, based on 3D FEM analysis with coupled fluid 
dynamics and thermal simulations and feasible cooler structures and solutions were proposed.

PROGRESS BEYOND STATE OF THE ART
The focus was on a module design that was as compact and thin 
as possible. The module target thickness was set at 3.25 mm. This 
is a significant reduction compared to a thickness of 4.7 mm for the 
current HybridPack DSC module with IGBT technology. The molded 
body has x-y dimensions of 72 x 52 mm. When the power and signal 
pins are taken into account, the module has overall x-y dimensions 
of 86 x 72 mm. The chosen design meets the requirements for 
creepage distances according to IEC0664 and for a pollution degree 
of 2. The compact design leads to cost and weight savings while 
keeping the size of the cooler and inverter as small as possible. In 
addition, less installation space is required in the vehicle.
The thin module design was made possible by using thin spacers. 
They optimally dissipate the heat generated in the chip to the 
upper module side. High-performance SiN substrates were chosen 
because they have very good thermal conductivity and flexural 
strength. The module can thus efficiently conduct heat to the 
external cooling surfaces and meet high thermal shock resistance 
requirements. The substrate-chip, chip-spacer and spacer-substrate 
junctions are made of lead-free solder. The module thus complies 
with the EU-wide RoHS requirements (Restrictions on Harzardous 
Substances) and can be classified as a „Green Package“ (Fig. 2).

In total, 16 SiC MOSFETs (metal–oxide–semiconductor field-effect 
transistor) are incorporated in the module. A switch contains 8 chips 
each, with the high side in the outer flanks and the low side in the 
center of the module. The module has a total chip area of 417 mm2. 
This allows operation at up to 1200 V and 400 A under temperatures 
(junction) up to 200°C. The two switches are electrically connected 
via spacers made of copper. The connection to the substrate is 
made via a lead frame, which is sufficient with regard to the required 
current carrying capacity. The external temperature sensor is located 
in the upper left corner of the module. Unlike IGBT technology, the 
current sensor in the SiC MOSFET is not integrated in the chip. The 
contact to the outside is made via 2 pins of the lead frame. The 
temperature at the corresponding location is determined indirectly 
by measuring the internal resistance.

Fig. 2 Architecture of the module with 2 Si3N4 ceramic substrates. The 
SiC chips were interconnected to the bottom substrate while the Cu 
spacers bridged the gap towards the top substrate.

Fig. 1 1200V SiC DSC module (DC+/DC-/DC+ tabs have been placed on 
the long side of the module, while the AC tab has been placed on the 
opposite side. In addition, the signal pins are located on the AC side 
according to the following arrangement: collector, temperature sensor, 
temperature sensor, auxiliary emitter high side, gate high side, auxiliary 
emitter low side, gate low side).

Infineon (IFAG) as developer of these modules within HiPERFORM 
is the main industrial contributor to the design and development 
of the packaging and materials, and for the application in the 
project’s use cases, requirements from IFAG in collaboration with 
AVL on inverters (UC3) and Heliox for off-board chargers (UC6) 
were considered. For these modules, after introducing the detailed 
modelling approach with finite element analysis, the application 
of the modules for direct and indirect cooling solutions were 
elaborated. These were further linked linked further to inverter 
applications (UC3) and charger applications (UC6) in the project.
In addition to the design aspects related to packaging, materials 
and thermal management and cooling, special analyses and 
simulations were also performed related to mechanical stress and 
fatigue, which go hand in hand with the packaging and thermal 
management of the module.

The developed modules were used in three use cases to 
demonstrate the expected performances and advantages of this 
module. The use cases cover two automotive traction inverters as 
well as an application in a high power off board charging solution. 
(For details see use case 3 and use case 6.)
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Simulations have proven to be a powerful tool in the design phase 
of a module. Virtual engineering makes it possible, for example, 
to optimize the layout and material combination without having 
to build time-consuming and costly prototypes. In the context 
of this SiC module, the thermal resistance Rth as well as the 
leakage inductance L were determined and optimized by means 
of simulations, resulting in the final module design over several 
iteration loops. Thermal resistance is a key thermal parameter that 
indicates how efficiently heat can be dissipated from the chip to the 
outside of the module, i.e. the heatsink solution for implemented 
cooling concept. 
The thermal simulations were initially based on the assumption 
of indirect cooling, where the module is connected to the cooler 
on both sides via thermal paste. The calculated Rth value was 
0.237 K/W for the high side and 0.227 K/W for the low side. Since 
the module is operated under mixed-mode conditions, an actual 
Rth in the range in between can be assumed. 
Preliminary investigation by thermal simulation showed that there 
are several parameters which have influence on the modules’ and 
the coolers’ thermal performance, of which the three most important 
ones in the present case are the external heat transfer coefficient 
(HTC) of the cooler, the choice of thermal interface material with 
indirect cooling and the thermal conductivity of the module’s 
materials. While the selection of the latter is a topic involving 
mostly economic and non-thermal decisions and materials cannot 
be changed easily during production, the external HTC can easily 
be influenced by the geometric design of the cooler. 
That being said an iterative design-, assessment- and optimization-
loop was started by the method of Conjugated Heat Transfer 
(CHT) simulations to find an optimized cooling solution for the 
bespoken DSC module for both indirect and direct cooling 
options. Simulations covered both, the heat conduction inside and 
between the different solid materials of the module’s components, 
as well as the convective heat transfer into the coolant flow over 
the modules’ surfaces.
Investigations comprised the module’s thermal and hydraulic 
characteristics within particular operating boundaries and 
eventually led to trade-off optimization measures of the cooler 
design. 
The main goals that were achieved with the design process of the 
cooler were the following: 
• finding the optimum thermal performance of the cooler by 

means of 
• reduced overall cooler thermal resistance (Rth) leading 

to temperature lower than 150°C for every chip under the 
given worst-case boundary conditions. 

• minimization of differences in average chip temperatures 
(i.e. temperature equalization) related to the otherwise 
experienced temperature maldistribution as shown in 
Fig. 3, leading to prolonged lifetime of the module.

• Achieving optimum hydraulic performance for a given thermal 
performance of the cooler by means of 
• Reduced pressure loss on the coolant side leading to a 

differential pressure lower than 250/3 hPa per module 
for the given worst-case boundary conditions.

Fig. 3 View on the outer and centerline chips with significantly 
higher chip temperatures at the modules centerline than at the 
outer regions

The design process was structured roughly into two main working 
actions, namely 
• geometric alteration of the cooler structure for the indirect and 

the direct cooling solution and 
• assessing novel thermal interface materials for the indirect 

cooling solution

In total over 40 different geometries were considered during the 
simulation task of assessing indirect and direct coolers, with each 
of the cases having several variants, each one trying to improve 
the cooler performance compared to the preceding cases and 
according to the boundary conditions.
As the final design for the direct cooling solution achieved very 
good results in simulation with high degree of temperature 
homogeneity of 2.5°C over the entire module surface and a more 
than acceptable pressure loss on the coolant side of around 
75 mBar at 12 lpm coolant flow, this solution was chosen as 
the one for realization with the prototype builds. Fig. 4 shows 
a picture with a result from the conjugated heat transfer 
simulations of this design to the left, visualizing the distribution 
of coolant through the cooler structure on top of the module. 
Fig. 5 shows a picture of the manufactured cooler design on 
top of a prototype module ready to lab validation.

The direct cooling solution requires the ability of 
manufacturing a proper sealing between the enclosing 
body of the direct cooler and the DSC module’s surfaces to avoid 
the potential of short-circuiting electrical components at system 
leakages. Compared to those, the indirect cooling systems can be 
manufactured independently from the power module which is why 
they might be preferred in certain cases. 
The final design for the indirect cooling solution is shown in  
Fig. 6 to Fig. 8. Similar ribbon structures (Fig. 5) variations inside 
an indirect cooling system housing have been simulated and 
investigated but best performance within the constraints and 
implementation was achieved with a very narrow channel straight 
fins structure inside the upper and lower cooler housings. The 
result is a very compact and light heatsink structure leading to 

less temperature differences at the corners of the cooling plate 
and lower overall chip temperatures. Maximum and minimum 
temperatures between the chips of a module show the temperature 
difference control of the cooling plate, indicating the robustness of 
the proposed design. The maximum calculated chip temperature 
is 109.5°C, while the minimum chip temperature is 105.6°C. This 
means that the temperature difference within the system is 3.9°C 
which is very good. Also, the total cooling system pressure drop 
could be reduced to very low values to stay within constraints 
when considering even dual-inverter applications at a coolant flow 
velocity of less than 1 m/s which corresponds to a 12 lpm coolant 
flow, indicating excellent hydraulic performance. The lightweight 
compact indirect cooling prototype resulting from this study is also 
shown in Fig. 8.

Fig. 4 Coolant flow simulation assessment of the final cooler 
design

Fig. 5 Prototype module built with the final cooler design from 
simulative optimization manufactured on top of the cooling plates

Fig. 6 Indirect cooling simulation results with junction temperature dis-
tribution 

Fig. 7 Hydraulic performance of indirect cooling solution

Fig. 8 Compact lightweight cooler structure prototype
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Closely related to the aspects of thermal management and cooling, 
are a dedicated analysis and simulations with regard to mechanical 
stress and fatigue, which goes hand in hand with the packaging and 
thermal management of the module. Therefore thermo-mechanical 
FEM (Finite Element Method) Simulation for different failure modes 
of power electronics have been conducted.
Changing concepts in the assembly and interconnection 
technology of integrated power modules, such as the transition from 
wire-bonded, silicone gel encapsulated structures to completely 
molded modules, is also always associated with challenges in 
terms of reliability of these modules during manufacture as well as 
ensuring their operational lifetime. The aim of the Fraunhofer ENAS 
was the thermo-mechanical reliability investigation, evaluation 
and optimization of a power semiconductor component and 

module developed in the project. For this purpose experimental 
test methods as well as methods of „virtual prototyping“ are 
used. Thermo-mechanical simulation investigations were carried 
out on a DSC power module developed by the project partner 
IFAG. A global-local model approach was used for this purpose, 
which enables a systematic investigation of different influencing 
variables on the dominant failure modes delamination of the chip 
metallization as well as solder degradation. As a result, potentially 
reliability-critical key parameters could be identified and evaluated 
for the Dsc module under consideration. Appropriate guidance 
on geometric design and materials used was derived to achieve 
maximum thermomechanical operational reliability and lifetime. 

Fig. 9 Overview on the thermo-mechanical simulation

TANGIBLE RESULTS
Within HiPERFORM the partners achieved several innovations in 
the field of SiC based wide bandgap semiconductors, especially 
with regard to the 1200V DSC-SiC high power molded module 
developed in this project. As shown before extensive efforts were 
taken to develop a next generation DSC SiC power module, also 
taking into account a thorough analysis on mechanical stress and 
fatigue as well as thermal management of the power module. The 
excellent results achieved open the door to the next-generation 
module design, enabling new business opportunities. Having said 
this, a summary on the key innovations is given. 
First, the stray inductance is an important electrical parameter. The 
goal is to achieve the lowest possible value, because this allows 
higher switching speeds (especially important with SiC technology) 
and reduces power losses. When connecting the module at the 
level of the holes in the DC and AC legs, a value of 7.9 nH was 
obtained, which is best in the whole Infineon DSC family. This 
allowed for switching speeds of up to 50 kV/μs in the traction inverter 
applications. Furthermore it is Infineon’s thinnest DSC module with 
3mm body thickness and having the largest total SiC area with more 
than 400 mm2.
As elaborated, a lot of research was done on the optimal cooling 
strategy for the developed DSC module, whereby the collected 
know-how and methodology can also be the basis for future 
research. Due to the build-up of the module, indirect as well as 
direct cooling solutions are possible. Following characteristics are 
important to be named:
• highest DSC cooling performance for indirect cooling due to 

module flatness < 10 µm, 
• highest DSC cooling performance for direct cooling due to 

novel and optimized ribbon structures, and 
• best in DSC class Rth value of 0.033 K/W (12 lpm cooling flow 

rate) for direct cooling.

Looking at the performance values, the developed module offers 
highest in DSC class output current of 400+ Arms and additionally 
a boosted operating temperature due to high-performance material 
set. This allows permanent operation at 200°C and peak operation 
at 220°C. 

Thanks to the thorough analysis with regard to mechanical stress and 
fatigue the developed assembling and packaging methods of SiC 
MOSFETs reached high-volume maturity and hence will bring these 
modules in near time to the market. Already now, the achievements 
paved the ways for several business cases with international OEMs 
for Infineon.
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New generations of batteries, inverters and other components 
require improved dynamic and stability properties, and so do the 
systems required to test and emulate such systems.
Therefore, a significant increase in switching frequency is 
required, which is achieved by:
• New, fast and efficient switching components with better 

switching properties, based on new semiconductor 
technologies

• Adequate new and more efficient control algorithms, 
together with the necessity to run these algorithms on an 
adequately fast platform

• Novel development tools for a transition from simulation to 
implementation of control algorithms on the new embedded 
hardware platforms in order to achieve a short time to market

• Seamless integration of high-dynamic components to 
higher-level test system modules

• Methodologies for simulation of the (electromagnetics, 
thermal etc.) behaviour of such test system modules, in 
order to fully retain the high-dynamic properties of the 
components they are built on

• Adequate integration of test modules on test system level 

The result of this use case includes both hardware demonstrators 
as well as development methods and are listed below. The 
numbers refer to the application field in the testbeds for automotive 
electrification components in Fig. 1. A detailed description of all 
six results can be found in the following sections.
1. Bi-directional step-down converter with 1200 V SiC MOSFETs
2. Bi-directional step-down converter with 1700 V SiC MOSFETs
3. Bi-directional step-down converter with 100 V and 200 V 

GaN HEMTs
4. Finite Control Set Model Predictive Control for SiC-based 

converters
5. Thermal simulation of SiC-based converters, and
6. Electromagnetic simulation of inductors in SiC-based 

converters

RESULTS AND CONTRIBUTION TO THE PROJECT 
OBJECTIVES
Bi-Directional Step-Down Converter
(with 1200 V SiC and 1st architecture approach) 
A battery emulator is needed as a high voltage DC source for 
testing fully electric drives, e-axles and all-wheel powertrains 
as well for testing hybridized combustion engines. To support 

TEST SYSTEM CONCEPTS FOR 
E-COMPONENTS IN THE POWERTRAIN 

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 1

Use case 1 focused on the development of test system concepts for validating the key 
electric and electronic components in electrified vehicles (EVs). Thereby three different 
bidirectional step-down converters as demonstrators and three sets of development 

methods and tools were successfully developed, serving future EV’s needs.

This UC was conducted in a collaboration of five partners:

AVL, FHJ, IFAT, TUDA, VIF

The contributions of each partner are described as follows:

AVL (UC leader) thermal simulations, development and integration of 1200 V and 1700 V step-down converter
                                           
FHJ development of fast FPGA based control platform and design and prototyping of GaN based step-down converter

IFAT providing 100 V and 200 V GaN devices

TUDA  design and development of finite control set (FCS) MPC for induction machine torque control 

VIF electromagnetic simulation of passive components in an inverter

also testing of regenerative braking, the DC source must be 
bidirectional. This requirement is best fulfilled with a bidirectional 
step-down (or bidirectional buck) converter containing multiple 
parallel stages.
On such testbeds, available space is confined, and the battery 
emulator shall be placed close to the electric drive to keep cable 
impedance sufficiently low. Hence, the battery emulator shall be 
very compact. Furthermore, on testbeds for rotating powertrain 
components, there is also a second power converter present for 
driving the mechanical load dynamometer. To save space and cost 
for grid-side converters, the battery emulator and the dynamometer 
converter shall share a common DC-link. However, in order to 
achieve similar electro magnetic interference (EMI) conditions 
as in the real vehicle, the battery emulator shall be galvanically 
isolated to the dynamometer drive. This requires an isolated DC to 
DC converter in between the common DC-link and the step-down 
converter.
Within HiPERFORM, such a step-down converter was designed, 
built and tested. The objective was to reach a high switching 
frequency to reduce the size of the passive output filter. A high 
switching frequency is also required to reduce the effective 
longitudinal inductance of the output filter for achieving a high 
current slew rate. This is needed to cope with the dynamics of ever 
faster traction converters, which will be seen in the next years. By 
using SiC MOSFETs with a blocking voltage of 1200 V, the step-
down converter can deliver an output voltage of up to 900 V.
Three years ago, the state of the art was to use industrial silicon 
IGBT modules for such battery emulators. First step-down 
converters with SiC MOSFETs were available but still packaged in 
the same modules as IGBTs, which limited the achievable switching 
frequency to the range between 20 kHz and 40 kHz. For the DC-
link, film-type or even electrolytic capacitors were used, which 
prevented a reduction of converter size and limited the achievable 
switching speeds.
By using SiC-specific module packaging with low inductance and 
with the close placement of ceramic DC-link capacitors, the 1200 
V SiC demonstrator could be designed and successfully tested 
with 70 kHz switching frequency at full load (at 800 A and 180 kW). 

Due to the interleaving of 4 half-bridges, the effective switching 
frequency apparent at the DC output is 280 kHz.
To leverage the power density, the step-down converter was 
built into a cabinet with water cooling and an isolating DC to DC 
converter stage with compact medium frequency transformer. 
For keeping the fast dynamics of the step-down converter under 
control, a control platform with a system on chip (SoC) was used, 
consisting of a programmable FPGA for fast closed loop control 
and an embedded processor for configuration, monitoring and 
integration into the testbed automation system. Executed on the 
FPGA, the power converter control loop is updated at a sample 
rate of 1 MHz. By oversampling, disturbances at multiples of the 
switching frequency can be removed from the feedback signals 
effectively. This is very important for the overall control accuracy in 
the presence of high dv/dt disturbances of a SiC converter.
The resulting compact power converter is mainly useful for battery 
emulation on powertrain testbeds (see mark (1) in Fig.1 ). But it can 
also be used for the testing of battery packs up to 900 V, with 
the possibility to mimic the load current spectrum of SiC inverters 
towards a traction battery. 

Bi-Directional Step-Down Converter 
(with 1700 V SiC and 2nd architecture approach) 
A similar step-down converter topology was designed around 
SiC MOSFET modules with 1700 V block capability and then built 
and tested. Compared to the 1st architecture, the design goal 
was different. The higher blocking voltage is needed for testing 
at output voltages up to 1200 V but the test system shall not be 
bigger and not more complex than a comparable Si-based type 
rated at only 800 V.
Before the start of HiPERFORM, the same output voltage and 
comparable dynamics could only be achieved with a three-level 
step-down topology requiring twice the number of 1200 V Si IGBT 
modules (or expensive samples of 1200 V SiC modules). By using 
1700 V SiC modules, the same topology of 4 parallel half bridges 
can be used to operate at 50% higher output voltage.
This step-down converter demonstrator was designed rather 
conservatively with 12 kHz switching frequency per half-bridge, 
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Fig. 1 Overview of different testbeds for automotive electrification components
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resulting in 48 kHz effective switching frequency due to 4-fold 
interleaved parallel topology. This choice allowed a design 
with superior EMI performance and efficiency. Furthermore, the 
complexity could be kept low with a minimum number of transistor 
switches and a Digital Signal Processor (DSP) based control board 
was sufficient to control the converter. It is still possible to achieve 
an impressive dynamic performance with a 1200 V converter, as 
can be seen in Fig. 2. With a model predictive controller (MPC) it is 
possible to suppress the resonance caused by the mainly inductive 
impedance of the DC output cables. The implemented MPC can 
be re-parametrized at run time by directly entering component 
parameters in SI units (e.g. cable inductance or input capacitance 
of an inverter under test).
The resulting step-down converter is mainly useful for the cost 
effective construction of large-scale battery pack test fields (see 
mark (2) in Fig. 1.). 

Similar to the first SiC-based demonstrator, it can also be used as 
battery emulator but with capacity for testing high-power inverters 
with DC -link voltages up to 1200 V. Due to very fast switching 
transient of SiC MOSFETs, the duty cycle of the converter can be 
controlled very precisely, allowing operation with fully accuracy 
down to 12 V. Hence, this step-down converter is very versatile and 
can be used for a very large range of units under test.

Bi-Directional Step-Down Converter 
(with 100 V / 200 V GaN and 3rd architecture approach)
During battery pack development, not only the single cells or the 
entire battery pack need to be tested, but also the intermediate 
battery modules. Many battery pack properties can already be 
tested on the module level (e.g. EMI tolerance of BMS components, 
cooling circuit design, …). See mark (3) in Fig. 1.
The previous state of the art was to use converters with Si 
MOSFETs for this purpose. Good MOSFET chips with well-balanced 

characteristics are available but high-current converters are still 
bulky. 
The use of GaN transistors promised the design of much more 
compact step-down converter for testing above mentioned battery 
modules. Within use case 1, such a converter was designed and 
built. It was tested with two different transistor types: 100 V and 
200 V blocking voltage rating.
On the very small power PCB with a size of only 65 mm x 55 mm, 
the 100 V GaN HEMTs show superior performance and can 
drive 200 A in total at a switching frequency of 200 kHz. Due to 
interleaving of 4 half bridges, the effective switching frequency is 
even 800 kHz. It was tested at 48 V DC-link input voltage but was 
designed to be operated at 80 V.
The 200 V GaN HEMTs show an almost four times higher on-state 
resistance when compared to the 100 V GAN HEMTs. Hence, better 
efficiency can be achieved with the series connection of two 100 V 
power PCBs for testing application requiring up to 160 V output.
To support the high switching frequency, a control platform with a 
more recent SoC than for demonstrator 1 was chosen. It can control 
three GaN power PCBs. As an outcome of HiPERFORM, it also 
allows easier deployment of real-time models from within Matlab / 
Simulink. This makes it a powerful HIL and Power-HIL platform on 
top of being a converter control board.

Model Predictive Control of Interleaving Inverters
In power electronics it is still the state of the art to use cascaded PI 
control loops with application specific coordinate transformations. 
This serves the purpose but there is no one-stop design approach 
for tuning the whole set of cascaded loops. And even more loops 
need to be added for fulfilling secondary control goals (e.g. power 
quality).
Model Predictive Control (MPC) enables straight-forward controller 
tuning based on parametric converter models (i.e. one can enter 
the nominal inductance and capacitance of filter components) with 
only one closed loop. 
For using the power stack of demonstrator 1 (1200 V SiC modules) 
also in dynamometer converters, a finite control set (FCS) MPC for 
induction machine torque control was designed and successfully 
demonstrated (see mark (4) in Fig. 1). The induction machine is a 
nonlinear system, which usually requires linearization around a 
fixed flux magnitude and two separate control loops for flux and 
torque.
The demonstrated FCS MPC achieves unbeatable dynamic torque 
response with only one control loop and without the need to 
approximate the nonlinear machine behavior. This allows not only 
high dynamic torque programming but also a reduction of DC-link 
ripple and overall system losses at the same time. With a two-step 
prediction horizon, the sampling rate can be as high as 100 kHz and 
with a simpler one-step prediction, even 300 kHz can be reached.
For demonstrator 2 (1700 V SiC step-down converter), a continuous 
control set MPC was implemented on a DSP platform, showing the 
performance advantage, when the switching frequency is limited.

Fig. 2 Output impedance spectrum of the 1700 V SiC-based step-down 
converter measured at the end of a DC cable with a length of 10 m. 
With the implemented model predictive controller (MPC) it is possible to 
compensate the influence of cable impedance.

Together, the partners contributing to UC1 mutually improved 
their know-how for designing blazing fast control algorithms 
for a hybrid FPGA + processor SoC target. This resulted in a 
workflow for designing and simulating both FPGA and processor 
algorithms offline and then – after successful testing – deploying it 
automatically to the target real time platform. 

Thermal Simulation of SiC-Based Power Switching Components 
in a Power Converter
Previously it was sufficient to design the converter heat sinks with 
simplified lumped parameter models. However, the high power 
density of SiC MOSFETs leads to local hotspots within the power 
modules and the heat sink needs to be designed to address this 
inhomogeneity of the heat flux.
Within HiPERFORM, the heat sinks of demonstrators 1 and 2 were 
analyzed with 3D thermal simulation of heat flux, temperature 
distribution and flow of the cooling liquid. For fast transient 
simulation, the 3D simulation model was mapped to a more 
accurate lumped parameter model with the help of model order 
reduction.
In particular for demonstrator 2, the simulation results helped 
to adjust the location of cooling liquid channels beneath the 
power modules in order to achieve the specified current carrying 
capability of the step-down converter.

Electromagnetic Simulation of Passive Components in an Inverter
As the previous state of the art, various general approaches 
and tools for electromagnetic modelling were available - but 
these needed extensive definition of parameters and boundary 
conditions - our goal in the project was to achieve a methodology 
and basic toolset for a targeted simulation in the envisaged area of 
application and the corresponding components within the system 
architecture.
In particular for interleaving step-down converters, the filter 
inductors need to be designed carefully and accurate dynamic 
models of the inductors are necessary for control design and 
dependable loss models for cooling system design.
Within UC1, the filter inductor of step-down converter demonstrator 1 
was modeled in 3D electric and magnetic domain (Fig. 3). The 

model was intentionally derived from only geometry data and core 
material datasheets. The resulting model accurately predicted the 
real inductance, resistance and loss parameters as measured at 
the end of the inductor’s manufacturing process. This approach 
will allow to accurately predict the performance of magnetic 
component designs without the need of extensive measurements 
from (prototype) samples.
Furthermore, it is also possible to derive simplified equivalent 
models through model order reduction, which then can be used 
for the validation of control loop design and simulation of transient 
thermal behavior.

UC IMPACT
With the presented demonstrators it was possible to show, that 
also for automotive test systems, wide bandgap semiconductors 
provide several benefits.
Depending on the design goals during product development, two 
main paths of improvement can be seen:
1. Reduction of converter size and increasing dynamic 

performance: Lower switching losses can be utilized to 
increase the switching frequency, which in turn leads to 
smaller filter components and faster converter dynamics.

2. Reduction of system complexity and increasing efficiency: 
Lower switching losses and higher blocking voltage can 
be utilized to build 2-level converters, where 3-level 
converters would have been used before. With only half the 
number of power transistors, the complexity of the power 
stacks, control electronics and overall system are reduced. 
With lower switching losses, also the overall converter 
efficiency can be reduced (instead of increasing the switching 
frequency).

To fulfil the promise of electric mobility, it is necessary to scale up the 
development and production of electric powertrains and batteries 
quickly and massively. Hence, both improvement directions are 
very important for AVL List GmbH to provide the right products for 
the right applications at the right time:
• Reduced size and complexity of test systems significantly 

contribute to the economic feasibility of large-scale battery 
development and production facilities.

• Economic scaling of the production of on-board power 
electronics requires downsizing and cost reduction, which 
leads to higher switching frequencies and minimized EMI-
filters. AVL’s instrumentation and test systems must follow this 
trend by increasing the usable bandwidth of test equipment. 
All components must be tested against the impact of 
high frequency disturbances. This requires not only faster 
converters but also shorter cable connections and smaller test 
systems to place them close to the components under test.

• And finally, the analysis, simulation and design tools which 
originated from this use case will help to reduce time-to-
market of new electrification test system.

Fig. 3 Electromagentic simulation of inductors
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Use case 2 was set up to help meeting these two project goals 
by defining a virtual discrete wafer test bench that enables 
benchmarking of the GaN switches on novel base materials. 
The focus in this UC was on the introduction of novel base 
materials as substrate material for the (Al)GaN layers. GaN based 
technology has a cost-advantage compared to competing silicon 
carbide (SiC) technology, as the material can be grown in layers 
on foreign substrates. Hetero-epitaxy by use of metalorganic 
vapour deposition (MOCVD) is the current industry standard. Up 
to 8-inch Si substrates are used in the industry today, but other 
substrates or deposition techniques can be considered to further 
reduce cost and improve reliability. Two different production 
routes were envisaged in the HiPERFORM project: the sputter 
deposition of epitaxial layers and the use of polycrystalline 
aluminium nitride (in short: poly-AlN) as substrate (base) material.

At the start of the HiPERFORM project, both the sputter 
deposition and the use of poly-AlN as substrate material were 
at a low technology readiness level (TRL). UC2 was used as a 
basis for rigorous testing of GaN switches fabricated on the novel 
base materials. The discrete wafer test-bench as defined in UC2 
executes a series of procedures and test definitions at different 
partners (imec, STUBA, and NanoDesign). The defined test-flow 
evaluates the samples (or devices-under-test, DUTs).
At the the beginning, a baseline p-GaN process for 200 V 
devices was successfully demonstrated on poly-AlN substrates. 
These substrates are 200 mm in diameter and 750 um-thick. The 
substrates consist of a poly-AlN core with engineered layers, a 
buried oxide layer (BOX) and a top Si(111) crystalline layer that 
enables subsequent epitaxial growth of the III-nitride nucleation 
and buffer layers.

DISCRETE WAFER TEST BENCH 
FOR GAN SWITCHES WITH NOVEL 

MATERIALS

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 2

Gallium nitride (GaN) and its alloy, in particular Aluminium Gallium Nitride (AlGaN), are 
wide bandgap semiconductors with intriguing properties. These properties of high elec-
tric fields with high conductivities make these materials extremely interesting for power 

applications.
One of the innovation goals of the HiPERFORM project is to investigate advanced pro-
duction processes and methods for GaN power technology, enabling the application of 
GaN power switches for automotive applications. The challenges to bring these GaN 
switches to the automotive market are mainly twofold: a long-term cost-reduction and 

reliability improvement. 

 This UC was conducted in a collaboration of four partners:

IMEC, FHG, NANODESIGN, STUBA

The contributions of each partner are described as follows:

IMEC (UC leader) developing and characterizing new GaN buffer schemes and devices on poly-AlN, having breakdown 
voltages of 200 V, 650 V and 1200 V
                                           
FHG researched the possibilities to use sputter deposition for GaN production processes

NANODESIGN AND STUBA providing testing capabilities and executing tests for the wafer test bench 

The Main objectives of UC2 can be summarized as follows:
• Definition of a discrete wafer level test bench, with test-plans 

and test-procedures to perform on-wafer evaluation and reliabi-
lity testing of GaN switches. 

• Benchmarking of GaN switches fabricated on novel base ma-
terials. This will include characterization, reliability and stability 
testing of GaN switches. The benchmarking will be performed 
in comparison with the established GaN-on-Si technology. 

• Provide feedback of performance towards technology develop-
ment partners, to allow to optimize the technology in the vari-
ous learning cycles.

RESULTS AND CONTRIBUTION TO THE PROJECT OBJECTIVES
The sputter deposition of AlN nucleation layers onto Si(111) with 8 inch 
diameter was further developed within this use case. The deposited 
AlN was further characterized extensively with respect to physical 
film properties. Epitaxial growth on Si(111) was demonstrated and a 
good quality of the X-ray diffraction rocking curves were achieved. 
Unfortunately, due to significant delay in the development, the 
planned processing of devices and subsequent characterization in 
the wafer test bench could not take place. Hence, this section on the 
UC results will focus on the poly-AlN substrates.

Imec developed a process starting from bare 200 mm poly-
AlN substrate to full p-GaN gate HEMT processing. A picture of 
these bare poly-AlN wafers is shown in Fig. 1 and one of the fully 
processed wafers is shown in Fig. 2. The rationale behind the use 
of bare poly-AlN as substrate base material is that the coefficient 
of thermal expansion (CTE) is better matched to the III-nitrides in 
the epitaxial stack. This reduces the strain in the epitaxial layers, 
which enables the growth of thicker buffer stacks for higher voltage 
applications without compromising the substrate quality. The 
rigorous specifications – both in terms of crystalline quality and wafer 
bowing – required for entry in imec’s CMOS compatible process 
line are thus met even with thick epitaxial buffer stacks. Obviously, 
the bare poly-AlN substrates need to be prepared in such a way 
that a Si(111) layer is on top of these substrates such that MOCVD 
growth can start. A dedicated process flow involving encapsulation 
with dielectric layers and subsequent wafer bonding was developed 
to that end. Next to these in-house prepared poly-AlN substrates, 
commercially available wafers from Qromis – so-called QST® wafers 
– were also used during the development towards higher voltages. 
A fully processed QST® wafer is shown in Fig. 3. Here, imec’s 
standard 650 V p-GaN HEMT technology is demonstrated on these 
GaN-on-QST® wafers, and were benchmarked against the standard 
GaN-on-Si technology in this UC.

Fig. 1 200 mm substrates: bare poly-AlN wafer at start of process.

Fig. 2 200 mm substrates: fully processed p-GaN gate HEMT devices. 

Fig. 3 200 mm GaN-on-Si-on-poly-AlN wafers with p-GaN HEMT power 
transistors processed in imec’s 200 mm pilot line.
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Within the HiPERFORM project, the buffer 
epitaxial stack on QST® substrates was further 
optimized and buffer breakdown targeting 
1200 V applications with a hard breakdown 
exceeding 1800 V were demonstrated as 
shown in Fig. 4.
Fig. 5 plots typical output and transfer 
characteristics of power p-GaN HEMT 
devices targeting 650 V breakdown voltages 
processed on a GaN-on-QST® substrate. An 
ON-state resistance of 15 Ohm·mm and a high 
drive current of ~6  A at 25°C are demonstrated. 
A threshold voltage of 3.6 V is obtained when 
extracted at maximum transconductance; 
when extracted at a fixed current level of 
10  µA/mm, a value of 2.9 V was reached. 
The next device property investigated on 
these poly-AlN substrates was the OFF-
state behaviour. By using the optimal design 
(depending on the field plate configuration 
in the transistor), excellent high voltage OFF-
state behaviour was obtained up to VDS = 
650 V, both at 25°C and 150°C, as shown in 
Fig. 6. These device metrics are within the set 
goals at the start of the HiPERFORM project 
and clearly demonstrate that imec was able 
to take a large step forward from 200 V as 
a baseline in the beginning of the project to 
650 V power p-GaN HEMT devices. Next to 
the traditional device characteristics shown 
above, these GaN power devices were also 
submitted to further reliability testing in the 
discrete wafer test bench. First of all, there 
is the dynamic ON-resistance, a metric that 
is assessed via double-pulsed IV testing 
and is a measure of the reduction of the ON-
resistance of the transistors during switching 
– a typical property of GaN switches in 
general (also commercially available ones). 
The specification here is that the dynamic 
ON-resistance must not deviate more than 
20% from the DC value. This is also met for 
the p-GaN HEMT devices on GaN-on-QST® 
as shown in Fig. 7. The device reliability was 
further validated by high temperature reverse 
bias (HTRB, Fig. 8) and high temperature gate 
bias (HTGB, Fig. 9) stress tests. The devices 
on the poly-AlN substrates clearly withstand 
both high-temperature stress tests with only 
minor shifts in transistor characteristics, and 
this both at room temperature and at 150°C.
Finally, double-pulse switching tests 

USE CASES UC2

Fig. 4 Leakage currents on GaN-on-QST® epitaxial buffer stacks for 1200 V applications at  
25°C (a) and 150°C (b).

(DPTs) have been executed on wafer 
level. Since packaging of experimental 
devices adds more complexity to the 
development process, a reliable on-wafer 
analysis contributes considerably to the 
acceleration of the characterization of the 
power devices. Therefore, NanoDesign 
developed a dedicated DPT system for on-
die measurement (Fig. 10). The set-up is 
capable of tests at a drain-to-source voltage 
up to 400 V. Drain current rating is designed 
up to 30 A. After the developed set-up was 
manufactured, it was tested in several steps 
to confirm its capabilities and measurement 
accuracy. Due to the unavailability of a 
reference on-die tester device, confirmation 
measurements were performed using 
transistors with known characteristics (Si and 
SiC MOSFETs) by comparing the measured 
values to the reference data. The tester was 
further experimentally confirmed to operate 
and measure accurately the dynamic ON-
resistance for devices on poly-AlN substrates 
as well as on GaN-on-Si wafers. No significant 
difference was observed between the two.

UC IMPACT
The demonstration of p-GaN gate power HEMTs on GaN-on-poly-
AlN substrates up to 650 V breakdown voltage paves the way for 
high-voltage power applications. The HiPERFORM project focused 
on the epitaxial and process technology extension towards 650 
V and beyond (1200 V). The testing of the devices as performed 
within this UC strengthens imec’s GaN technology offering not only 
for imec’s partners, but also through multi-project wafer (MPW) 
shuttles.
The GaN-on-poly-AlN technology enables monolithic integration 
of several power transistors, gate driving circuitry, and even 

additional functionalities. The substrates used in this technology 
contain a thin Si (111) layer on top of a buried oxide (BOX) layer. 
Both substrate contacts towards the Si layer and trench isolation 
all the way down to the BOX layer were developed at imec and 
integrated within the process flow. As such, GaN IC design is 
made possible with different voltage pockets suited for half-bridge 
configurations with a low-side and a high-side switch. These type 
of design configurations are used for many high-voltage power 
applications and is now available in GaN technology up to 650 V. 
Imec is currently working towards extending this voltage limit even 
further up to 1200 V, targeting an even larger application field.

Fig. 5 Typical output (a) and transfer (b) characteristics of a p-GaN HEMT device processed 
on GaN-on-QST® with a total width of 36 mm.

Fig. 6 OFF-state gate and drain leakage current at VGS = 0 V, for p-GaN gate HEMT devices 
with a total width of 36 mm, processed on poly-AlN substrates, at 25°C (a) and at 150°C (b).

Fig. 7 Dynamic RDS-ON of 36 mm wide p-GaN gate power HEMTs on 200 mm GaN-on-poly 
AlN substrates, below 20% for the full range up to 598 V.

Fig. 8 Drain and gate currents of a 36 mm wide p-GaN gate power HEMT on a 200 mm GaN-
on-poly AlN substrate under HTRB stress (a), and comparison of the gate and drain currents 
before and after HTRB stress at 150°C (b).

Fig. 9 Drain and gate currents of a 36 mm wide p-GaN gate power HEMT on a 200 mm GaN-
on-poly AlN substrate under HTGB stress (a), and comparison of the gate and drain currents 
before and after HTGB stress at 150°C (b).

Fig. 10 3D model of the double-pulse test set-up and its real implementation
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WBG POWER MODULES FOR 
INVERTERS

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 3

The latest developments of WBG power modules for powertrain applications show that 
there is a huge demand for innovative ideas and solutions to generate the next level of 
power inverters. By simply replacing the old semiconductor solutions with Silicon Car-
bide (SiC) or Gallium Nitride (GaN) technology will not lead to a significant increase of 

efficiency, cost reduction, etc. First, it is necessary to really understand the challenges of 
traction inverters and how they can be solved. Therefore certain areas of interest were 

defined for the development of the inverters. 

This UC was conducted in a collaboration of six partners:

AVL-SFR, AVL-SET, FHG, IFAG, VIF, VUB

The contributions of each partner are described as follows:

AVL-SFR (UC leader) inverter design and build up of UC3a inverter

AVL-SET development of Power-HIL for inverter testing                                           

FHG reliability assessment of the DSC power modules

IFAG inverter design and build up of UC3b inverter; development and provision of DSC power modules

VIF simulation and design of direct cooling concept

VUB simulation and design of indirect cooling concept

As it can be seen in Fig. 1, SiC-Technology has its advantages in 
fast-switching because of the small components and parasitics 
and as a result, the inverter packages are more flexible. This 
can lead to very high-power density designs. Compared to this, 
Si-Inverter (IGBTs or MOSFETs) are slower in switching speeds. 
Because of that a higher number of dies are needed for the same 
output powers compared to SiC. This leads to a more inflexible 
package due to the bigger components needed. But because 
of the slower switching speed, less effort is needed to fulfil 
standards regarding EMC and smaller filtering components are 
necessary.

As an overall goal a so called “future-inverter” should fulfil all 
these aspects and is used as a basis for the inverter development 
in this use case.
UC 3 is thereby split in two different traction inverter developments: 
use case 3a and 3b. The two different traction inverter systems 
developed, had the overall goal of showing the potential of the 
latest double side cooled SiC modules from Infineon. In Fig. 2 a 
picture of the final modules can be seen. 
The inverter design in UC3a was done by AVL Software and 
Function GmbH and the inverter of UC3b was developed by 
Infineon AG.

Fig. 1 Net-diagram with different parameter/technologies of traction inverters

As a means for testing the developed 
inverters, a holistic approach by AVL-SET 
was chosen to develop a high-performance 
Power-HIL (Hardware In Loop) prototype, 
being capable of testing latest inverters using 
WBG semiconductors. This comprises the 
development of the power output stages, 
peripheral components such as current and 
voltage measurement, the supply and the 
signal processing concept. So, WBG based 
inverters can be tested without the need of 
a physical electrical motor test setup. Instead 
the Power-HIL emulates a motor and helps to 
test without any rotating parts.

RESULTS AND CONTRIBUTION TO THE 
PROJECT OBJECTIVES
When starting the developments Si IGBT 
based inverter solutions were mainstream 
and state of the art. In the meantime single 
SiC based solutions came to the market, 
naming the most prominent solution in the 
Tesla Model 3. Hence, UC3 target was to 
develop two different SiC based traction 
inverter, making full use of the latest SiC 
power module technology provided by 
Infineon.

UC3a
The focus of the inverter development in 
UC3a was to enable highest switching-
speeds with an innovative shielding concept, 
which guarantees a reliable operation of the 
traction inverter. Furthermore, a lightweight 
and cost-efficient design was in focus. The 
finally developed inverter is shown in Fig. 3.
Most of the set goals could be successfully 
achieved and were verified on the Power-HiL 
at AVL-SFR. 
The developed inverter in UC3a  reaches a 
maximum output-power of up to 310 kW. High 
slew-rates of the current and the voltages 
of up to 20 kA/us, 20 kV/us were reached, 
with peak values of these slew-rates of up to 
40 kV/us. Efficiencies up to 99.5% could be 
reached in specific work points of the motor. 
By having low-speed operation points or low 
torques of the e-motor the efficiency of the 

Fig. 2 1200V SiC DSC Prototype by Infineon

Fig. 3 UC3a inverter prototype
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650 V, a maximum power of 169 kW was reached. Furthermore a 
switching frequency of 20 kHz could be demonstrated. 
Although operation could only be demonstrated at partial load, 
an excellent overall operation efficiency of 96% was achieved.
To make an assesment of the achievements in UC3 the Figures 
on page 42 and 43  show the comparison of the newly developed 
inverters with state of the art inverters. As it can be seen in these 
figures, the average power density and the specific power of 
state of the art inverters has increased over the last years.
Because of the lightweight design and the very compact 
commutation-cell, high values in both domains could be achieved 
for UC3a. By replacing the additional shielding and HV-Filter a 
better result could be reached. In addition, a more lightweight 
housing or direct integration with an e-Motor (as for Tesla  
Model 3) could further reduce the weight of the inverter and 
hence increasing the power density.
For UC3b especially a very lightweight design enables a high 
power density, but the volume is not optimized (as can be 
seen in the Fig. 7). The later one can be further optimized to 
achieve better values with moderate efforts. Please note for 
the comparison the measured peak power value was used. It 
is expected that with minor redesign of the inverter electronics, 
the maximum power can be lifted from 169 kW to 250 kW and 
hence the specific power as well as the power density will be 
significantly increased.

Power-HIL
The Power-HiL development was based on already existing 
technology, being ready for Si based inverter testing. With 
the help of a prototype inverter based on SiC technology, the 
existing test system was examined at its dynamic performance 
limits in order to sound out the limits not only theoretically but 
also practically and to fully identify the new components to be 
designed. 
The High Performance Power-HiL prototype based on SiC 
technology with new voltage and current measurement was 
successfully applied. To test and validate the prototype a 
300 kW 3-phase inverter with XM3 SiC power module was used.  

Switching frequency of up to 80 kHz, 300kW of up to 800V DC-
link voltage and 300Arms have been successfully tested. Hence 
all set objectives were achieved.

UC IMPACT
The UC3 inverter designs demonstrate the advantages of using 
DSC-SiC-Modules in a traction inverter application. The low stray-
inductance within the modules together with the Dual-DC-LINK  in 
UC3a offers fastest switching performance and highest efficiency. 
This makes these technologies also attractive to hybrid vehicles 
as for fully electric vehicles.
The holistic approach from AVL-SFR regarding SiC inverter 
development with EMC experts together with the mechatronic 
designers is established and will be reused for the next projects. 
The innovative plastic cooler design can be easily reused for all 
double side cooled devices and together with the new shielding 
concept of UC3a highest reliabilities of the WBG inverter 
functionality can be guaranteed.
The next generation Power-HiL by AVL-Set offers higher 
performance by having less costs. Due to the modular and 
flexible design, the customer needs can be served better and 
will help to streamline future inverter developments.
Finally, the described inverter solutions are very attractive to 
OEMs and Tier 1. The overall concept of UC3a will be soon 
exploited in a development project with a Tier 1 supplier and 
hence will find its way to the market soon, enabling the next 
generation of EVs.

inverter decreases in a more moderate way 
than compared to Si based inverters. 
The power levels of the different operation 
points can be seen in Fig. 4. Here a maximum 
power of 200 kW was reached for the tests 
with an emulated PSM-E-Motor. The used 
motor was one of the AVL-SFR high-speed 
e-axle motors.  The associated efficiency-
map of the UC3a inverter can be seen in 
Fig. 5.
By using different emulation parameters 
of the AVL-SFR‘s high-speed e-axle motor, 
increased output powers were tested. Finally, 
a maximum power of 310 kW was reached in 
these tests. The peak measurements for 2 
seconds can be seen in Fig. 6. 
The maximum current and voltage 
and switching frequency of the target 
specifications were met. The innovative 
direct cooler design allows high performance 
operation by having a lightweight design.
The overall weight of the UC3a inverter is  
11.2 kg and the volume is 12 litres. With a 
maximum output power of 310 kW a power 
density of 27.67 kW/kg and a specific power 
of 25.83 kW/l is achieved. The even higher 
power density of 32 kW/kg originally targeted 
was not achieved due to the increased 
weight of the shielding design and the HV-
Filter of the inverter. However, this allows 
higher reliability and performance in inverter 
operation. A modification of the inverter 
could lead to smaller volume and weight if 
needed.

UC3b
Similar targets were set for UC3b inverter. 
Finally,  a weight of 6.7 kg and a volume of  
12 litres was achieved and the prototype 
can be seen in Fig. 7. Please note, when 
comparing these values with other inverters, 
it should be taken into account that this 
prototype is made of 3D-printed plastic and 
does not have any additional weight due 
to aluminum, nor does it have any special 
shielding or passive filter components.

The developed inverter was also tested at 
the Power-HIL. Due to some EMI issues at 
higher loads, the originally set power levels 
of 250 kW could not be reached. 
At partial load operation, having a motor 
speed of 500 rpm and using a DC voltage of 

USE CASES UC3

Fig. 4 Operation points of inverter UC3a for up to 200kW

Fig. 5 Efficiency map of inverter UC3a

Fig. 6 Maximum output power of UC3a inverter with temperature measurement of one phase

Fig. 7 UC3b inverter prototype
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IFAG provision of SiC power modules
                                           
JAC providing the vehicle demonstrator and giving support for the integration

POLITO development of torque vectoring software and testing of dual-inverter with in-wheel motors on test rig

SISW development of generative engineering tool for design space exploration to explore different topologies for the UC4 
drivetrain system

TECNALIA development of HIL Platform using the DYNACAR road vehicle real time model and functional safety analysis

UDC development of telematics unit

VUB support in thermal modeling and cooling system optimization for the dual inverter

RESULTS AND CONTRIBUTION TO THE PROJECT OBJECTIVES
Electric drive
The dual inverter and the two in-wheel motors compose the electric 
drive architecture. The in-wheel motor must guarantee the generation 
of mechanical power converted both from electrical power (traction 
mode) and into electrical power (regenerative braking). Comfort in 
terms of noise and vibrations must be guaranteed in the application 
of both traction and regenerative braking torque. The component has 
also strict requirements in terms of insulation; insulation is required 
between High Voltage (HV) live parts and the electric chassis and 
between HV life parts and Low Voltage (LV) network. The 6-phase 
version of the in-wheel motor is designed based on two 3 phase 
motors. Both 3 phase motor are electrical isolated and guarantee an 
increased fault tolerance compared to a 3 phase version. In case of 
a failure of a 3-phase motor, the degradation mode “freewheeling” is 
activated, where the powertrain is not able to produce any torque. In 
case of this 6 phase motor, a reduced powertrain torque is provided 
and though the car can be safely operated. According test (Fig. 2) 
have been performed and the expected results could be achieved.

The dual inverter (Fig. 3) is able to cover a wide range of possible 
applications, it is suitable to control two in-wheel motors or a single 
6-phase motor in a fully decoupled way. This kind of architecture 
allows to prevent safety issues in case of fault. The system has two 
power supplies, one LV (Low Voltage) for the control module and the 
pre-driver module and additionally HV (High Voltage) for the power 
module. At the pre-driver module there is a galvanic insulation to 
isolate the LV side from the HV side. As a power module SiC based 
HybridPackDrive Modules by Infineon have been used. Significant 
advantages by using SiC based power modules have been 
expected especially for partial load operation compared to Si-IGBT 
based solutions as well as for increasing the power density of the 
inverter. Additionally, the dual inverter concept allows to increase 
the specific power of the whole inverter because of the dual use of 
the control board and parts of the passive components. 

Fig. 2 Test bench setup for six phase motor

Fig. 3 Dual Inverter

Use case 4 aims at the demonstration of a whole new powertrain, 
making use of a newly developd dual inverter and two in-wheel 
motors. This is implemented in a vehicle demonstrator, using a 
JAC C-SUV segment electric vehicle (Fig. 1). Of additional interest 
besides the inverter development, is the reduction of the motor 
phase current. Within the project, the benefits of a multi-phase 
motor (6 phases) also in terms of fault tolerance have been 
explored. The six phase drive architecture is only tested at test 
bench level. Therefore a specific test bench development was 
also part of this use case. The focus of the test bench development 
was on the ability to evaluate different driving configurations and 
modes via a Hardware In the Loop (HiL) platform and provide a test 
rig flexible enough to concurrently assess existing and future EV 
developments. In addition, telematics hardware was developed 
for the dual inverter architecture, with the goal of collecting data 
from the sensors and putting it in a cloud.

IN-WHEEL ELECTRIFIED POWERTRAIN 
CONCEPT WITH DUAL INVERTERS

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 4

The main objectives of UC4 is the development of an electric drive system (dual inverter 
and two electric machines) with the respective control using WBG materials and two in-

wheel motors. The integrated dual inverter (two times 75 kW continuous power /  
150 kW peak power) guarantees significantly increased levels of power density compa-
red to state of the art Si-IGBT based solutions, allowing better vehicle integration, with 
improved efficiency. Additionally, the dual inverter concepts allows for a reduction in 
components by a dual use of both inverter sides, reducing the volume even further. 

This UC was conducted in a collaboration of twelve partners:
CRF, ELAPHE, ENCOPIM, I&M, IBERMATICA, IFAG, JAC, POLITO, SISW, TECNALIA, UDC, VUB

The contributions of each partner are described as follows:

CRF (UC leader) input towards the specification and requirements as an OEM, as well as validation support.

ELAPHE development of the in-wheel motors (3- and 6-phase) for the demonstrator vehicle as well as integration of all components 
towards the vehicle

ENCOPIM development of test rig

I&M development of WBG based dual inverter 

IBERMATICA provided the cloud services for the data collection via the telematics unit

Fig. 1 Vehicle demonstrator
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For the motor control a torque vectoring strategy is used in order to send a torque reference at the dual inverter. This kind of control is 
implemented in a Vehicle Management Unit (VMU). The VMU receives as input the longitudinal speed of the vehicle, the side slip angle 
and the steering angle. It returns as output the torque, which is split in two parts that are respectively sent to the two drivers that command 
the two power stages of the dual inverter.
Neither the vehicle side slip angle nor the road friction coefficient are directly measured and hence a dedicated observer has been 
designed. The torque distribution on the rear wheels is based on the desired yaw moment generated by the torque vectoring controller. 
Moreover, an intermediate stage for anti-slip control is implemented considering the limits of handling of the vehicle (Fig. 4).

The developed control strategy consists of three different 
contributions in parallel: Adaptive Linear Quadratic Regulator (A-LQR), 
Yaw Index and Feed Forward controller. The A-LQR demonstrated 
to be an optimal control strategy producing actions based on the 
reference vehicle model. Yaw Index is based on vehicle under/
oversteering behaviour generating a control action to make the 
vehicle neutral. The feed forward controller allows “changing” the 
vehicle dynamics to behave in a desired reactive mode. 

The proposed Dual Electric Drive architecture demonstrates good results. Having a more detailed look on the inverter efficiency, 
depending on the working point, efficiencies close to 99% could be achieved. Compared to the emH300 a reduction of losses by more 
than 50% (e.g. at 500 RPM which is ~50km/h driving speed, the inverter efficiency increases from ~95% to ~98%) could be demonstrated, 
reaching the UC targets and thus contributing to the set HiPERFORM objectives in term of energy losses reduction and efficiency (Fig. 6). 
Furthermore, the Dual Inverter ensures significant improvements above the state of the art in terms of volume/weight saving. 

Tab. 1 Comparison of drivetrain (inverter + e-motor) for selected working points. An increase in efficiency could be especially demonstrated for low and 
medium load.

Fig. 6 Dual inverter efficiency and emh300 efficiency

Vehicle demonstrator
The vehicle demonstrator is a JAC C-SUV segment electric vehicle (Fig. 1) that is adapted in order to 
integrate the dual inverter and the in-wheel motors, as well as the telematics unit (see below). The 
original vehicle powertrain was a front wheels traction system. Within the project the integration of 
the two in-wheel motors took place at the rear wheels, so that the original powertrain can still be 
used for comparing both set-ups. As a first step two inverters were used to test the newly integrated 
in-wheel motors, and an additional Power Control Unit (PCU) was responsible for controlling the 
torque requests. In a second step the two inverters are replaced by the newly developed dual 
inverter.
Different tests were performed at vehicle level in order to evaluate the functions with both 
powertrains, the original and the one based on in-wheel motors. The driving tests performed, 
confirmed almost all specifications and hence were concluded successfully.

Fig. 4 Torque vectoring 

The electric drive architecture has been tested at test bench 
level. The test bench is assembled in a so called “back to back 
configuration” (Fig. 5) which is composed as follows: The dual 
inverter supplies the in-wheel motor which is in traction mode 
and it is mechanically connected to a brake motor which acts as 
a generator sending power to the single inverter which provides 
the DC link power for the dual inverter. The configuration allows 
to emulate the final powertrain of the vehicle and creates an 
efficiency map of the drive at different torque–speed working 
points. The results obtained show good improvements in terms 
of efficiency compared to an Si-IGBT based solution (see Tab. 
1, where the dual inverter is compared to Si-IGBT inverter 
emH300). This is mainly because WBG devices guarantee better 
performances at lower currents: due to the possibility of higher 
switching frequencies in case of WBG semiconductors, it allows 
to reduce current ripples and hence lower losses in the eMotor, 
especially in case of reduced torque.

USE CASES UC4

Fig. 5 Back to back config

WORK POINT EMH300 + M700 DUAL INVERTER + M700

TORQUE [NM] SPEED [RPM] EFFICIENCY [%] EFFICIENCY [%] COMPARISON [%]

200 200 66,2 75,5 +9,3

400 200 61,8 65,6 +3,8

600 200 54,3 56,0 +1,7

200 400 75,1 83,4 +8,3

400 400 73,9 78,4 +4,5

600 400 68,5 71,1 +2,6

200 600 79,0 86,4 +7,4

600 600 75,1 77,7 +2,6
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The test bench is used as active motor/brakes for experimental 
validation of the e-axle based on the in-wheel motors and the dual 
inverter. This enables the testing and validation of the developed 
e-motor controllers and torque vectoring control strategies. The 
test bench can be used to calibrate the torque controller on the 
dual inverter and further evaluate the performance of the torque 
vectoring controller in real time and with real components (HiL). 

Fig. 9 The vehicle model without electric machine and inverters is emulated by the SCALEXIO 
platform as well as the torque vectoring control strategy. The reference speed which depicts the 
road profile is imposed on the Motors (M1 and M2) via CAN bus while the torque reference from the 
torque vectoring controller is sent to in-wheel motors. Diagnostic and calibration interface is used to 
monitor and tune the parameters.

Test bench and HIL Platform
Besides the vehicle demonstrator a HIL Platform has been 
developed, using the DYNACAR road vehicle real time model where 
the JAC vehicle has been modelled (Fig. 7). The model includes both 
lateral and longitudinal dynamics, including two operational modes: 
autonomous and manual. In the first mode the test profiles can be 
automatically executed while in the manual mode the cycle can 
be directly executed by the driver thanks to a steering and pedals 
systems.
Parts of the virtual Electronic Control Unit (ECU) are placed in a PXI 
Linux RT platform and the remaining part in a MicroAutoBox II with 
the virtual model of the electric plant that comprise battery, inverters 
and electric machines. The system is capable of simulating fault 
injections to test fault operational logics; this supports the safety 
analysis of the vehicle demonstrator. The telematics unit (Fig. 10) 
has been integrated in the HIL platform to validate the message 
reception from the cloud.

Another achievement was the design and manufacture of a test rig 
suitable not only for different types of in-wheel motors, but also for 
the electronics behind them. In that sense, the rig is compatible for 
both single and dual inverters of both technologies, IGBT and WBG-
based. 

The test rig is composed of a switchgear main cabinet, two motor 
sets and a mobile station. The main parameters of the developed 
rig are:
• 135 kW of Power
• Rated (S1) / Overload (S6) characteristics: 

• ±1.610 Nm / ±2.750 Nm @ ±800 rpm at constant torque 
• ±535 Nm / ±1.690 Nm @ ±2400 rpm / ±1300 rpm at constant 

power 
• ±100 kW @ ±4.500 rpm at reduced power 
• ±212 Nm @ ±4.500 rpm at reduced torque

• 2.33 kg/m2 of rotor inertia
• 10.000 rpm/s (motor+rig components) of spinning max. 

acceleration
Fig. 7 HIL Platform

Fig. 8 The test faclity set-up is based on the installation of the 
two dyno test rig and by the adaptaion of the Mechatronics Lab 
facility in POLITO at Verrés campus.

USE CASES UC4

Telematic Unit
The main purpose of a telematic control 
unit (TCU) integrated in the vehicle is that 
the development and testing of automotive 
parts (e.g. a new inverter) often requires the 
analysis of CAN bus data. Having that data 
available in a cloud and providing remote 
access enables collaboration between 
teams located in different geographical 
areas. Existing solutions are very costly 
and/or are based on closed/proprietary 
software, hardware and/or protocols, 
making them difficult to integrate into the 
organization‘s tools. 
Within HiPERFORM the TCU has been 
successfully designed, developed, and 
validated, covering the following main 
functionalities:
1. receiving a specific test case request 

from the cloud and forward it to the 
testbench through the CAN bus to 
start the testing process (only for the 
testbench)

2. collect the sensor data from the CAN 
bus and upload them to the cloud; 
depending on the requested test 
case or the specified configuration, a 
different set of signals will be read and 
uploaded

In addition, a cloud platform to collect and 
process the data as well as to forward the 
required data to other clouds (e.g. to a 
cloud for further data processing) has been 
developed. The TCU is also integrated 

into the demo car and proved to be a 
very versatile, affordable, and portable 
solution allowing for remote access for 
testing equipment in different geographical 
locations, whereas cloud access makes 
collaboration between teams possible.

UC IMPACT
The utilization of WBG materials allows to 
have better efficiency in power electronic 
components, like the dual inverter. In 
terms of vehicle safety, better performance 
can be guaranteed thanks to improved 
vehicle control.  The new architecture also 
makes it possibile to increase the interior 
space of the vehicle thanks to the smaller 

dimensions of the 
components involved. 
As shown in the result 
section, the considered 
architecture has a 
higher power density 
(>40 kW/l) with respect 
to conventional 
solutions. This enables a 
volume reduction of the 
inverter components  
by up to 50% (e.g. 
DC Link reduced 
from 2 to 1 litres) and 
thus greater flexibility 
in vehicle layout. In 
addition, leveraging 
the above mentioned 
improvements in terms 

of energy losses savings (>50%), a simplified 
thermal system management would be 
possible with respect to a conventional 
one. The achieved overall better efficiency 
at system level of approximately 5%, has 
a direct impact to the end user. It enables 
either an improved EV driving range under 
the same battery size or a battery capacity 
reduction and thus a lower EV end price. 
The torque vectoring control strategy 
permits to obtain a better stability of the 
vehicle. Furthermore it allows
to guarantee a better handling and a 
more responsive feedback to the driver. 
Additionally, the torque vectoring strategy 
in combination with the dual inverter and 
the in-wheel motors enables to split the 
torque on an axle for free, compared to 
differential based solutions. This drivetrain 
architecture reduces the costs of such 
commonly used solutions.
The new and versatile testing facilities, i.e. 
the HIL platform and the eMotor test bench 
will further help EV developments in future, 
by enabling realistic virtual simulations and 
reduced development times. Additionally, 
the developed TCU is a very flexible tool 
allowing for remotely testing parts in the 
automotive industry while, at the same 
time, it makes the data available to multiple 
teams through the cloud. This will further 
help to improve vehicle development 
processes.

Fig. 10 Telematic Unit
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ASSESSMENT OF TRACTION 
INVERTERS

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 3 & 4

This sections gives an overview of the achieved results in UC3a, UC3b and UC4 with 
respect to today‘s available inverters on the market. As can be seen from the figures 

(Fig. 1) the power of single traction inverters increased steadily over the years and 
HiPERFORM inverters are at the top. The comparison with respect to the power density 
and the specific power shows good results, whereby most of the available inverters are 

outperformed. 

Fig. 1 Inverter peak power

Fig. 3 Inverter power density

Fig. 2 Inverter specific power

Assessment
The highest specific power (Fig 2) is currently offered by the Tesla 
Model 3 inverter, whereby this inverter is directly integrated with 
the eMotor (favored due to a common housing) and does not have 
HV filter (this relates to ~1 kg in weight and ~1 l in volume) . However, 
the HiPERFORM inverters follow closely behind. In case of UC3b 
advantages in the weight ratio due to its prototypical design using 
3D printed plastic material for the housing and cooling as well as 
the absence of special shielding / passive filter components needs 
to be considered. Also in case of UC4 inverter its design as a 
dual inverter allows for a good ratio (dual use of system parts), but 
also lacks the HV filter. Comparing UC3a inverter with the SOTA, 
it is ranked number 2, a lilttle bit ahead of Bosch Gen3 inverter. 

Having a look at the power density (Fig. 3), the picture is even 
better for HiPERFORM inverters. UC4 inverter is outperforming 
all available inverters, showing the potential of using WBG 
semiconductors to reduce volume and increase the power 
density. Also UC3a inverter is close to the top of today‘s traction 
inverters. UC3b inverter lags a little bit behind, since the focus 
was not to build a compact inverter but to achieve maximum 
flexibility by testing the latest technology. Hence, this would 
be necessary in a next iteration to improve this specific value.

Concluding, the developed solutions are close to best in class 
traction inverters on the market and hence demonstrated the 
advantages of using WBG semiconductors in this field of application.
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DESIGN AND MANUFACTURING 
OF ON-BOARD CHARGING SYSTEM 

BASED ON GAN TECHNOLOGY

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 5

This UC was conducted in a collaboration of three partners:

PWD, ONSEMI, VUB

The contributions of each partner are as follows:

PWD (UC leader) design, prototyping and testing the on-board charger, including PCB boards, communication, cooling 
system and enclosure

ONSEMI development of 650V eHEMT GaN switches

VUB design optimization of control strategy and support in all implementation and testing activities

GaN based power devices enable applications with lower losses at higher switching 
frequencies, increasing performance of future on-board chargers in terms of efficiency, 
power density and packaging. However, in order to clear the path for the application of 
GaN-based on-board charger, research is needed on how to utilize the GaN converter 

in terms of system integration, safety, durability and performance. Consequently, this UC 
demonstrates the detailed specification and design optimization of the on-board char-

ger based on GaN technology for more compact system and high-power density. 

The main advantage of on-board chargers is their capability to 
charge the batteries wherever a suitable power source, such as 
a household outlet, is available. On-board chargers (OBCs) used 
at home usually charge during night, which has minimal impact 
on the supply grid, and they can facilitate the load level control 
of power utilities as the electricity demand at night is relatively 
low. Nevertheless, on-board chargers are limited to slow charge 
(levels 1 and 2) because of cost, weight, and space constraints. 
Most on-board chargers that are used in best-seller PHEV and 
EV models are in a power rating range of 3.3 kW and 7.7 kW, 
except Tesla Model S and X cars, which use 9.6 kW / 11.5 kW on-
board chargers.

Compared with Si devices, GaN technology provides lower los-
ses at higher switching frequencies. Three crucial factors could 
affect the ability of designing a powerful on-board charger, in-
cluding selection of power electronic switch technology, power 
electronic converter technology and cooling system. Conse-
quently, UC5 has been defined in the framework of the HiPER-

FORM project to provide a strategy for designing and building 
a powerful on-board charger based on GaN power electronics 
technology. 

The Main objectives of UC5 can be summarized as follows:
• Design of advanced switching and charging topology (mo-

dular design) of unidirectional OBC 22 kW (2 modules of 
11 kW are connected in parallel)

• Design and optimize the control system for OBC
• Design, optimization, and prototyping of a smart unidirectio-

nal on-board charging system (GaN based) to achieve the 
following targets:
• specific power ≥ 1.3 kW/kg and power density ≥ 1.4 kW/l
• high efficiency ≥ 96% with high switching frequency 

≥  200 kHz with the OBC stages and high-frequency 
isolation transformer

UC RESULTS AND CONTRIBUTION TO THE PROJECT 
OBJECTIVES
This use case aims at the design, optimization, and prototyping 
of an on-board (unidirectional) charging system based on GaN 
technology. The motivation of the UC5 is to further reduce overall 
power losses, improve system integration, safety, durability, and 
performance.
As it is clear from the literature, several research studies on de-
velopment of on-board charger have been reported over the last 
10 years. It is noticed that most of the designed chargers (aca-
demic level) can provide a power rating less than or equal 10 
kW with efficiency between 90% and 98%, compared to 11 kW 
(modular design) and ≥97% efficiency in the UC5. Moreover, the 

following figures (Fig. 1) show a summary on commercial available 
on-board chargers. The efficiency of commercial OBCs is bet-
ween 88% and ≤ 95% with power losses of more than or equal 
5% compared to ≤3.5% in UC5. Thanks to the use of GaN based 
power devices, the involved partners succeeded in developing 
a small (1.4 kW/l) and light (1.7 kW/kg) on-board charger compared 
to the current commercial solutions. Please note not all parame-
ters are available for all solutions.

Fig. 3 OBC efficiency

Fig. 1 OBC power Fig. 2 OBC specific power

Fig. 4 OBC power density
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Design and implementation of half bridge PCB with integrated gate 
drive
As an output of WP2, the GaN HEMT 650 V (bottom cooling) has 
been developed by onsemi (Fig. 5). PWD developed a printed 
circuit board to configure a half-bridge circuit, including two GaN 
HEMT devices, isolated DC source and gate driver, as shown in 
Fig. 2. PWD in collaboration with VUB tested the performance of 
the new GaN device before integrating this device into the deve-
loped daughterboard (half-bridge). Then, the half-bridge circuit 
(Fig. 6) has been tested to ensure that the gate driver can provi-
de the required gate voltage to both devices by using isolated DC 
voltage sources. The results of the double pulse test revealed that 
the GaN device can stably operate at 400 V, 35 A. In addition, the 
developed daughter-board has been tested at low voltage (50 V) 
and relatively high voltage (400 V) at different switching frequencies 
(from 100 kHz to 500 kHz) and the results revealed that the circuit 
was properly designed to provide the required gate voltage, vol-
tage isolation and thermal behavior. To achieve the expected PCB 
thermal performance, thermal vias have been designed and imple-
mented. The most effective way to improve vertical heat transfer 
for FR-4 PCB is to add plated through-hole thermal vias between 
conductive layers. Since FR-4 material has very low thermal conduc-
tivity, thermal vias design is one of the dominating factors for total 
PCB thermal resistance.

Design and implementation of two-stage on-board charger (OBC)
The OBC is designed to provide unidirectional charging power of  
11 kW to the EV battery pack. It consists of two mother boards (a) 
AC/DC mother board consists of three parallel units of single phase 
3.7 kW AC/DC converters and (b) DC/DC motherboard consists of 
three parallel units of isolated 3.7 kW DC/DC converters. Fig. 7 de-
picts the conceptual overview while Fig. 8 shows the preview of the 
OBC power train. 
To avoid any possible circulating current among the AC/DC conver-
ters due to parallel operation, the output of each AC/DC converter is 
isolated. This means that each pair of AC/DC and DC/DC converters 
operates independently of each other, regardless of whether the 
OBC is powered with single phase or three phase AC voltage. It also 
allows the OBC to run with maximum efficiency under light loading 
conditions. Fig. 9 illustrates the final implementation of the 2-stages 
OBC.
The experimental measurements revealed that the efficiency of one 
stage (i.e., DC/DC converter) is between 97% and 99%, depending 
on the voltage level. This means that the developed circuits can 
provide the expected efficiency which fulfil the project objectives #2 
with respect to achieve efficiencies up to 98%.

Fig. 5 Optical micrograph of the 650V GaN eHEMT in QFN 
package  

Fig. 6 Daughter-board of half-bridge circuit with integrated 
driver circuit

USE CASES UC5

Fig. 8 Prieview of the 3D design of the 2-stages OBC

Fig. 9 PCB of two-stages PE converter: a) AC/DC converter, b) DC/DC 
converter  

Fig. 7 Block diagram of the OBC

DESIGN AND IMPLEMENTATION OF COOLING SYSTEM AND 
ENCLOSURE
GaN technologies have the potential to reduce energy consumption 
and emissions in a variety of industries. Thus, UC5 provides a strategy 
for developing and implementing an on-board charger based on 
GaN technology that is cost competitive, in order to accelerate the 
adoption of GaN-based components in new charging systems.
To achieve modularity and a highly efficient cooling system, each 
mother board (AC/DC and DC/DC) is also composed of three main 
parts, as follows: 1) control daughter board, 2) GaN module daughter 
board, 3) uncontrolled rectifier board, and 4) measurement board. 
Since the GaN device and diode are cooled from the bottom-side, 
the thermal vias are used to improve the transfer of heat between 
the cooling plate and electronic devices (i.e., GaN switch and Diode) 
through the PCB FR4 core (Fig. 10). Fig. 11 illustrates the implementation 
of bottom-side  cooling of GaN devices by using thermal vias. Before 
manufacturing these daughter boards and integrating these boards 
into the whole system, the thermal behavior has been simulated, as 
shown in Fig. 12.

Fig. 10 Thermal dissipation of the thermal vias  
(taken from: „Thermal Design Guide For GAN ENHANCEMENT“. GaN Systems Inc, 2009, gansystems.com/wp-con-

tent/uploads/2018/01/GN005_PCB-Thermal-Design-Guide-Enhancement-Mode-031815.pdf)

Fig. 11 Bottom cooling of GaN devices by using thermal vias: a) top layer, b) bottom layer
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Fig. 13 3D design of DC/DC cooling plate: (left) cooling plate cover, (right) cooling plate container

After several tests, the cooling system was designed and implemen-
ted by dividing the cooling system into two main parts and each 
part consists of container and cover. All electronic devices (source 
of heat) are directly connected to the container and the cover was 
designed to manage the liquid flow between the containers. For in-
stance, Fig. 13 shows the design of the cooling system of the DC/
DC converter. The proposed cooling plate has been subjected to 
leakage test. In fact, the leak test can be performed by injecting 
Helium, Hydrogen or Nitrogen into the complete assembly, where 
Hydrogen was selected due to the helpful visual leak identification 
as in high pressure leakages sensors may not be able to locate the 
leakage, but the human eye can observe it without any destructive 
process (see Fig. 14). In this way the scrap level is reduced, where 
scrap stands for non-useful pieces manufactured and stored. The 
proposed cooling system successfully passed the leakage test. 

Fig. 14 Test environment of leakage test

PWD in collaboration with VUB succeeded in designing the 
cooling system and enclosure, as shown in Fig. 15, to achieve 
around 1.7 kW/kg and 1.4 kW/l. This means that the developed cir-
cuits can provide the expected reduction in volume compared to 

Si based solutions. This fulfils the project objectives #3 achieving 
an implementation of the OBC with ≥ 50% less volume compared 
to some lately commercial OBC.

Fig. 15 Mechanical design of the enclosure and cooling system 

UC IMPACT
UC5 demonstrates the design of a 2x11 kW GaN-based OBC. The 
power circuit of a 11 kW GaN-based OBC consists of three identical 
3.7 kW single-phase GaN-based OBCs. Each phase (3.7 kW) includes 
two mother boards with efficiency around 97% with increased power 
density and specific power of 1.7 kW/kg and 1.4 kW/l respectively. 
GaN technology, high switching frequency (~300 kHz) and optimal 
design could facilitate the development of small circuits with rela-
tively high-power density and specific power, which in turn affects 
the size and weight of the on-board charger. This UC led to a better 
understanding of the current state and potential impact of the use of 
GaN-based PE technologies on the on-board charging system.

Fig. 12 Simulation results of the thermal behaviour of bottom cooling tech-
nique
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In UC6, fast chargers based on SiC semiconductors are deve-
loped due to their benefits of operating at higher switching fre-
quency, higher thermal stress, and reduced power loss. A test 
suite was built within the use case to evaluate the performance of 
the developed high-power charger. Fig. 1 shows the diagram of 
the test suite. This test suite is a virtual system that commands the 
charger to emulate certain test scenarios. The test suite contains 
a bi-directional SiC charger, a charger in the loop (CiL) setup, and 
a charge management system (CMS). 

The Main objectives of UC6 can be summarized as follows:
• Design and prototyping of a 175 kW high-power charging 

system on SiC devices
• Design and optimization of low-level control system and 

charging interfaces 
• Ensure safe operation in accordance with current standards 

and charger interfaces

CHARGING SYSTEM WITH SIC 
SWITCHES/MODULES

USE CASES AND ACHIEVEMENTS TOWARDS THE OBJECTIVES

UC 6

This UC was conducted in a collaboration of six partners:

HELIOX, IFAG, PWD, TNO, TU/E, VUB

The contributions of each partner are as follows:

HELIOX (UC leader) developed a 175kW off-board charger based on Infineon SiC modules

IFAG provided 1200V SiC modules in half-bridge configuration

PWD developed a charging management system to communicate with chargers via OCPP1.6 

TNO developed a charger in the loop system to validate chargers

TU/E provided grid voltage quality support feature to the low-level control software. This software was tested in a 30kW SiC 
powertrain.

VUB  provided low-level control of the AC-DC converter, high-level control of the CMS, and cooling for the SiC modules 
charging

One of the ways to reduce CO2 emission is to electrify our transport system. This inclu-
des passenger cars as well as heavy duty vehicles, like buses and trucks. To facilitate 

the transportation electrification, extensive charging infrastructure is needed to provide 
the increasing demand of electrical energy. To provide a good user experience for elec-
tric vehicle users, time of charging, as a crucial variable, needs to be optimized. Howe-
ver, most of the high-power chargers on the market are based on Si technology. These 

chargers operate at low switching frequency with peak efficiency of up to 96%.

UC RESULTS AND CONTRIBUTION TO THE PROJECT 
OBJECTIVES
Despite the SiC technology is already at its third generation, only 
few high-power chargers based on SiC are commercially availa-
ble. In Heliox, the current 150 kW charger is based on Si techno-
logy, which adopts IGBT that switches at 3.7 kHz. This charger 
is considered as the baseline and the state-of-the-art for UC6. 
The circuit topology is shown in Fig. 2, in which the key spe-
cifications are shown. In this UC, a CiL setup is built, and two 
SiC-based charger prototypes (Fig. 3 and Fig. 4) have been 
developed and tested. One is a 175 kW prototype based on In-
fineon double-side cooled SiC module. The other one is a 30 
kW prototype based on commercially available SiC models. The  
175 kW is the focus of this UC, while the 30 kW was built to va-

lidate low-level control software which includes voltage quality 
improvement feature. 
The comparison between the developed SiC powertrain and the 
state-of-the-art Si powertrain is shown in Fig. 3. The red colour-
coded specs are the parameters from Si powertrain, while the 
blue colour-coded specs are the parameters from its SiC coun-
terpart. With SiC technology, the converter can operate at a much 
higher switching frequency. Therefore, smaller size passive com-
ponents can achieve same filtering performance as the bulky 
ones. In addition, low order output filter is sufficient for the de-
veloped 175 kW powertrain. As the figure shows, the SiC-based 
powertrain does not require extra output filters (Cout2, Cout3, 
and Lout2) as the Si-based does.

Fig. 1 Diagram of the test suite for the evaluation of the 175-kW high-power charger

Fig. 2 Comparison between the developed SiC-based powertrain (175 kW) and the state-of-the-art powertrain (150 kW)
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In the developed 175 kW charger powertrain (Fig. 3), Infineon´s 
new SiC device enables switching of the converter at 20 kHz 
which is beyond the audible noise frequency. In addition, the pow-
er loss associated with the switching of the SiC device is less than 
the Si counterparts. Due to the high switching frequency, the size 
of the passive components is reduced. Because the SiC device 
has less power loss, a smaller heat sink profile is also achieved. 
The circuit topology in Fig. 2 also shows galvanic isolation with a 
50 Hz transformer. However, this 50 Hz transformer is left out for 
the volume comparison. In total, the volume of the developed pro-
totype is reduced by more than 50% excluding the 50 Hz trans-
former. To get more volume reduction of the total powertrain, the 
50 Hz transformer can be replaced by a high frequency isolated 
DC-DC converter. 
The developed 30 kW SiC charger (Fig. 4) verifies the voltage qua-
lity support algorithm. With the voltage compensation on, the char-
ger reduces the VUF (Voltage Unbalance Factor) more than 60% 

and voltage THD (Total Harmonic Distortion) around 50%. The 
power factor at higher output power is greater than 0.994. In ad-
dition, the voltage quality compensation, as an add-on feature to 
a standard charger, only causes efficiency degradation of around 
0.4%. All use case requirements regarding power quality matters 
are met according to the specification.

USE CASES UC6

Fig. 3 Prototyping of the 175 kW SiC AC-DC part of the powertrain

Fig. 4 Prototyping of a 30 kW SiC powertrain

UC IMPACT
Charger prototypes based on SiC MOSFET switches have been 
developed, tested, and evaluated in this UC. It demonstrates that 
the WBG technology brings volume reduction and efficiency im-
provement to high-power chargers. Compared to powertrains in 
high-power chargers on the market that adopts IGBT devices, the 
SiC powertrain prototype developed in this UC is 50% smaller in 
volume, and has up to 12.5% less power losses.
In addition, the low-level control strategy developed in this project 
enables chargers to provide ancillary services to the grid. The-
se services include bi-directional power flow and voltage quality 
compensation. The voltage quality compensation service is pro-
vided to chargers without modification of powertrain hardware. 
Therefore, it can be a feature upgrade for existing chargers by 
adopting the developed low-level control software. The UC test 
shows that the charger operated in voltage quality support mode 
reduces voltage THD and VUF by more than 50% and 60%, re-
spectively. The voltage quality compensation services are innova-
tive and beyond the state-of-the-art. In addition, due to the higher 
switching frequency of SiC devices, the SiC charger can provide 
better voltage quality compensation than the Si chargers. 
The stakeholders in UC6, which are Infineon, Heliox, VUB, TU/e, 
Powerdale and TNO, have benefited from the technical know-how 
accumulated in the use case. The universities (VUB and TU/e) 
have been using the acquired knowledge from HiPERFORM in 
courses materials and student trainings. The project itself has at-
tracted Master and PhD students to pursue their academia and 
profession careers. 
The development of the CiL (Charger-In-the-Loop) setup helps to 
extend the testing capabilities of TNO. Consequently, the capa-
bilities are now extended to not only batteries (packs and cells) 
and electric vehicles but also electric vehicles chargers and their 
charging processes. These testing capabilities is in line with TNO’s 
ambition of developing an Innovation Centre for Sustainable Po-

wertrains (ICSP) for the region. 
The proven concept of using SiC switches to achieve higher swit-
ching frequency, higher efficiency and smaller volume in high-po-
wer chargers contributes to the development of next generation 
high-power chargers in Heliox. It helps Heliox to maintain the in-
dustry leading position in heavy-duty charging infrastructure. Furt-
hermore, the voltage quality compensation service as an add-on 
value to be integrated to commercial products in the coming ye-
ars, would put Heliox at a competitive position in the V2G (Vehicle 
to Grid) market.

Fig. 5 Charger in the loop test setup
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AVL List GmbH
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mbH
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AT

Vrije Universiteit Brussels VUB Pleinlaan 2
1050 Brussels

BE

FH JOANNEUM Gesellschaft mbH FHJ Alte Poststraße 149
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Technische Universität Darmstadt TUDA Fraunhoferstraße 4
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DE

Interuniversitair Micro-Electronics 
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BE

AVL Software and Function GmbH AVL-SFR Im Gewerbepark B 29
93059 Regensburg

DE
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DE

Slovenská Technická Univerzita v 
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STUBA Vazovova 5
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12051 Alba
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Politecnico di Torino POLITO Corso Duca Degli Abruzzi 
24
10129 Torino

IT
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IT
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DE

ON Semiconductor Belgium BVBA OnSemi Westerring 15
9700 Oudenaarde
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NL
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BE
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BE
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DE

Fundacion Tecnalia Research & 
Innovation
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CREAVAC GmbH CREAVAC Löbtauer Straße 65-71
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DE

Technische Universiteit Eindhoven TU/e Groene Loper 5
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