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The power electronics program at Virginia Tech began in 1977 under 
the leadership of Professor Fred. C. Lee as the Power Electronics 
Research Group. In 1983, the program was renamed VPEC (Virginia 
Power Electronics Center) and became a Technology Development 
Center supported by the Commonwealth of Virginia’s Center for 
Innovative Technology in 1987. VPEC and faculty from the Uni-
versity of Wisconsin-Madison, Rensselaer Polytechnic Institute, 
University of Puerto Rico-Mayaguez, and North Carolina A&T State 
University, in partnership with over 80 companies, formed the Center 
for Power Electronics Systems (CPES) in 1998, the first U.S. National 
Science Foundation (NSF) Engineering Research Center (ERC) in the 
area of power electronics. Since NSF ERC funding ended in 2009, 
CPES has continued at Virginia Tech with its ever-increasing world-
renowned education, research and industry partnership programs.

The CPES mission is to provide leadership through global col-
laborative research and education in creating advanced electric power 
processing systems of the highest value to society. Specifically, CPES 
is dedicated to improving electrical power processing and distribution 
that affect systems of all sizes—from battery-operated electronics to 
vehicles to regional and national electrical distribution systems. On 
the lower-power side, CPES has continued to make notable techno-
logical advancements. Many of these new technologies have arisen 
through the CPES Power Management Consortium (PMC), which 
has experienced immense growth over the years. Through the High 
Density Integration (HDI) consortium, CPES continues to explore 
cutting-edge materials and components, and the packaging and inte-

gration of active and passive devices and converters. Additionally, 
CPES has a keen interest in supporting and growing the development 
and integration of higher power electronics at the power grid level. 
CPES intends to continue exploring these technologies by increasing 
its research efforts in this area under the Wide Bandgap High Power 
Converters and Systems (WBG-HPCS) consortium.

In early 2017, Virginia Tech announced the Electronic Energy 
Systems Initiative (EESI), which has significantly expanded interdisci-
plinary research and education programs focused on power electronics 
and power systems. EESI is facilitating the move towards power-
electronics based innovations in all forms of generation, transmission, 
distribution, and consumption of electrical energy. In addition to 
opening a new lab in the Virginia Tech Research Center in Arlington, 
Virginia, CPES hired new faculty, strengthening its existing research 
areas, such as devices and packaging, and expanding its scope into 
higher power and grid systems. Another benefit of university support 
is CPES's growing partnership with Virginia Tech’s Power and Energy 
Center that is co-hosting this year’s annual conference, synergistically 
leveraging two areas of internationally renowned strength towards 
future energy systems.

Moreover, despite ever-changing times, the CPES Industry Con-
sortium has continued to thrive, and government funding has been 
strong and even growing amidst the shifting political climate. In order 
to keep up with increasing research demands, CPES has been growing 
its graduate student population. With more students and new research 
endeavors, the CPES prospects are bright and alive with excitement.

1CPES ANNUAL REPORT 2020

INTRODUCTION



2

A unique lab outfitted for experimentation with  
500 kV/50 MW, a museum presenting the history of 
energy, and living, teaching, dining, retail, and research 
spaces – all integrated into a sustainably-designed 
complex. This is Energy Campus, a vision proposed 
by a team of students and faculty from CPES and the 
Washington-Alexandria Architecture Center (WAAC) 
to repurpose a 20-acre waterfront site that was formerly 
the coal-fired Potomac River Generating Station. 

The Energy Campus proposal is the latest in a series 
of projects that have brought students and faculty from 
CPES and the College of Architecture and Urban Studies 
(CAUS) together to design buildings showcasing cutting-
edge technology. There are strong ties between the two 
programs, built over more than a decade of collabora-
tions. In 2009, a group with members from both pro-
grams worked together to create a DC-powered smart 
wall system. Over the course of a year, they produced 
a mockup to demonstrate their design and published 
several papers in conferences.

That experience led to more joint efforts and stron-
ger personal and institutional relationships between 
CPES and CAUS. FutureHAUS, Virginia Tech’s winning 
entry to the Solar Decathlon Middle East in 2018, was 
the most visible example of the collaboration between 
the programs.

Solar Decathlon, with support from the U.S. 
Department of Energy, organizes contests challenging 
college students to design ultra-efficient, environmen-
tally friendly buildings. 

Students affiliated with CPES connected Future-
HAUS’s renewable energy sources to its various elec-
tronic components, designed the building’s energy 
management processes, and programmed the smart 
appliances in the house, such as doors, cameras, and 
tablets.

FutureHAUS also included an eye-catching feature 
that echoed CPES’s earlier collaborations with CAUS: 

CPES & CAUS:
Designing the Sustainable 
Buildings of the Future

APPLICATIONS COLLABORATION

A conceptual rendering  
of the Energy Campus.
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Promoting Sustainability, Education, and 
Virginia Tech
These collaborations motivate students through hands-
on experiences to apply and push beyond the knowl-
edge they learn in the classroom. They also allow CPES 
to demonstrate its excellence in power electronics and 
education through the talent of its students. 

Most significantly, FutureHAUS has now been 
viewed by hundreds of thousands of people. The team 
was invited to demonstrate the house in New York’s 
Times Square for two weeks. “Times Square gets mil-
lions of visitors every day. There were tours all the 
time. It was open to the public and people were coming 
in and out,” explains Igor Cvetkovic, one of the CPES 
faculty most involved in projects with CAUS. 

“Now FutureHAUS is getting ready to go to the 
2020 expo in Dubai,” continues Cvetkovic, “which 
they are advertising as the largest technology expo 
ever made.” Dubai Electricity and Water Author-
ity (DEWA) invited FutureHAUS to present their 
winning design. “The house will go in April and the 
expo begins in October,” observes Cvetkovic.

Together, CPES and CAUS faculty and students 
have created models, conceptual and tangible, of the 
architecture of the future that help the public imagine 
and experience a life organized around the principle of 
sustainability. In the process, they have developed their 
own skills, built lasting relationships, and promoted 
Virginia Tech.

sliding doors mounted on a DC-powered rail system 
that allowed the space to be restructured for multiple 
purposes throughout the day. 

Energy Campus – a living laboratory
In the year since FutureHAUS’s victory, CPES and 
CAUS have joined forces on several new projects. 

The Energy Campus proposal would turn the 
building and grounds of the former Potomac River 
Generating Station, which have sat unused since the 
facility closed in 2012, into a living laboratory. Making 
use of smartphones, wearables, and technology inte-
grated into the buildings, the Energy Campus would 
allow students and faculty to conduct experiments in 
public and residential spaces as well as in state-of-the-
art research laboratories.

The CPES-WAAC plan reimagines the site as an 
architectural attraction that would invite the public 
inside to explore the past and the future of power 
systems. With laboratories visible to the public and 
buildings showcasing innovative energy generation, 
management, and distribution systems, the entire 
facility would become a live demonstration of new 
technologies and sustainable practices.

The high-voltage, high-power 500 kV/50 MW 
research laboratory would be the only of its kind in 
the world and attract world-renowned researchers 
and educators by opening up unique possibilities for 
new experiments. 

A new vision for Alexandria’s city hall
Separately, a team with members representing both 
CPES and CAUS is competing in a Solar Decathlon 
Design Partner project to reimagine Alexandria’s city 
hall. The Design Partner contests pair student groups 
with organizations seeking zero energy ready building 
designs – or proposals that meet ambitious targets for 
resource management.

The Virginia Tech team will work with Alexan-
dria’s municipal government to redesign its city hall 
for energy efficiency and environmental sustainability, 
while also remodeling the structure and aesthetics of 
the space to promote civic engagement.

FutureHAUS on the 
Virginia Tech campus.

A conceptual rendering  
of the Energy Campus.
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As engineers work to integrate renewable energy sources into the 
grid, research objectives in the fields of power electronics and power 
systems are converging. Leading this trend, CPES and the Power and 
Energy Center (PEC) at Virginia Tech have begun collaborating more 
closely over the past few years as they strive after a common goal – to 
create the smart grid of the future.

“In the past,” explains PEC director Chen-Ching Liu, “the field of 
power electronics was more concerned with low-power applications 
such as the power supply for computers.” Now, however, electronic 
components are taking on more functions within power systems and 
researchers are creating devices for higher voltage applications, such 
as converters used to connect solar panels into the grid.

At the same time as the field of power electronics was turning to 
higher-power applications, Liu explains, “you can see power systems 
voltage and power levels coming down, and we are now meeting.” 
Power systems experts, who have traditionally studied high-voltage 
issues, like how to distribute large amounts of power from big, central-
ized generation points, are working on projects involving less power, 
such as how to integrate distributed renewable energy sources into 
the electrical grid.

The result has been a growing alignment of interests between 
CPES and PEC, several ongoing joint research projects. The new 
alignment also spurred a collaboration to combine forces on the 2020 
CPES and PEC Conference. The 2020 conference was postponed until 
fall 2020 due to the COVID-19 pandemic.

Current Resarch
With Department of Energy funding, a team of CPES and PEC 
researchers led by Rolando Burgos has been developing a high-effi-
ciency silicon carbide (SiC)-based flexible combined-heat-and-power 
(CHP) interface-converter. 

CHP technology enables the simultaneous generation of useful 
heat and power. It is currently used in large government, manufactur-
ing, and corporate facilities as it achieves significantly higher energy 
efficiency than separate power and heat generation systems.

Burgos’s team is adapting CHP for small and mid-size facilities so 
that they can be more easily and more widely deployed. Their research 
will also make it easier to set up new sources of electricity on demand 
to help the grid respond to changing market needs and conditions. 
A study conducted by the U.S. Department of Energy in 2018 found 

Power and Energy,  
Power Electronics teams 
integrate renewable energy  
in smart grids

“We have a common goal —  
to make Virginia Tech the 
global leader in transforming 
power grids.”

—Chen-Ching Liu

COLLABORATIONS FOR CONFERENCE AND ONGOING WORK
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that flexible CHP systems could result in annual financial benefits of 
approximately $1.4 billion in California alone by reducing energy bills, 
grid operating costs, and the need for new large power plants.

Burgos’s research has been progressing for several years with 
renewed DOE support.

CPES and PEC, led by Chen-Ching Liu and Dushan Boroyevich, 
are also collaborating on a new project, funded by the National Science 
Foundation, to develop microgrid building blocks. These standardized 
modules will make it easier and less expensive to install small-scale elec-
trical grids in response to power disruptions — for example after natural 
disasters — and restore critical functions such as hospital systems. 

In each building block, Liu says, “you have power conversion, 
which is the power electronics function, and you also have the control 
and monitoring functions, and that would be the cyber power system.” 

CPES and PEC hosted a brainstorming workshop in March 2019 
attended by engineers from research institutions around the country 
to discuss plans for the project. Considerable interest is brewing for 
standardizing technology for microgrids, because they help make power 
systems more resilient and adaptable. They also fill a critical need in 
emergency situations that has a tangible impact on people’s lives. 

Currently, Liu notes, “microgrids are perceived as expensive, so it 
is important to lower costs and improve performance. That will give the 
concept of resilience better hope.” 

Education across fields
“Our biggest collaborations, explains PEC’s center coordinator Victoria 
Deal, “are on joint proposals. If one of our faculty members writes a 
proposal with a CPES faculty member, they will bring graduate students 
with them on that. We’ll have our students working with CPES students, 
under two different PIs.” This allows students to gain experience with 
different laboratories, different advisers, and different fields.

To prepare faculty and students for collaborations, CPES and PEC 
also organize seminars and guest lectures advertised to both centers. It 
is important that parties on both sides of the relationship understand 
each other’s background and strengths so that they can coordinate their 
efforts seamlessly as new projects start up. “We try to bridge that working 
relationship, so that they have some working knowledge of each other’s 
fields and can work together.”

PEC and CPES also share some facilities and equipment. For 
example, CPES invited PEC students to its laboratory in northern 
Virginia. “We have a system that can simulate a microgrid incorporat-
ing factors like converters and load,” explains Igor Cvetkovic. “You can 
emulate their operation with real current and voltages.” This allows stu-
dents from both Virginia Tech centers to design prototypes and perform 
demos testing their concepts.

As power electronics and power systems research continue to draw 
closer to one another in their applications and overarching goals, more 
opportunities for joint research projects, education, and cooperation 
will open up. 

“We share basic physics – Kirchhoff’s laws for electric circuits, and 
we share engineering applications – electric power grids. We have a 
common goal – to make Virginia Tech the global leader in transforming 
power grids to meet the challenges of a future ‘cyber grid,’” Liu concludes. 
“It is only natural that we will grow the synergy between PEC and CPES 
in the future.”

Chen-Ching Liu
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A GLOBE-SPANNING 
UNIVERSITY PARTNERSHIP

COLLABORATIONS FOR EDUCATION

When Virginia Tech Professor Fred C. Lee gave an open talk at 
Tsinghua University in 1987, he was introducing power electronics 
to a packed auditorium of students and faculty. Unbenownst to him, 
Lee — the founding director of CPES — was also kicking off a rela-
tionship between two technology leaders that would span continents 
and decades.

Today, that relationship includes an agreement to establish a joint 
research center and formal visitation programs. A group from ECE 
and CPES had planned to visit Tsingua in February and representa-
tives from Tsinghua planned to participate in the 2020 CPES-PEC 
Annual Conference. Although both visits have been postponed due 
to the international COVID-19 upheaval, the relationship remains 
strong.

Tsinghua University was founded in 1911 on part of the Qing 
Dynasty’s royal gardens in Beijing, known as the Tsinghua Gardens, 
and then reorganized as a university specializing in polytechnic educa-
tion and research after the founding of the People’s Republic of China. 
It began expanding its offerings across the humanities and sciences 
in the 1970s and is now one of China’s premiere universities, as well 
as one of the top academic institutions in the world with renowned 
strength in Electrical and Electronic Engineering. 

Tsinghua and Virginia Tech both have strong research and 
education programs, particularly in the areas of power electronics 
and power systems. According to the Memorandum of Collaboration 
signed in 2018 by ECE and Tsinghua’s Department of Electrical Engi-
neering, the two institutions will first establish a joint research center 
for the study of electronic power systems and then work towards 
founding an International Science and Technology 
Cooperation Laboratory. 

After his first visit, Lee visited Tsinghua regularly, giving lectures 
and recruiting students to apply for graduate education at Virginia 
Tech. Tsinghua developed a fund specifically to encourage further 

The Tsingua campus.
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exchanges with Virginia Tech to share expertise in power electronics, 
and Lee was named a Guest Professor by Tsinghua in 1997 and an 
Honorary Chair Professor in 2017.

During this time, thanks to a steady stream of talented students 
from Tsinghua, CPES faculty mentored Ph.D. students and offered 
guest lectures and summer course at Tsinghua. A Memorandum of 
Cooperation was signed in 2014, and, recently, Tsinghua has begun 
sending groups of undergraduates to Blacksburg for summer intern-
ships.

According to the latest 2018 agreement, these exchanges will 
continue in a more structured and reciprocal manner. CPES faculty 
will have opportunities to teach summer courses and work with 
advanced students at Tsinghua, and Tsinghua’s faculty will be able to 
visit Virginia Tech for up to a year with support from their institu-
tion. Grants will be available to graduate and undergraduate students 
for short-term exchanges, and there are already plans for groups of 
5-10 Tsinghua students to visit Virginia Tech for up to two weeks 
over the summer.

ECE faculty will also work with their counterparts at Tsinghua 
to pursue joint research publications and conference publications.

The experience of CPES’s Dong Dong hints at the possibilities 
intensified cooperation between the two institutions could open up. 
He completed his undergraduate studies at Tsinghua, then attended 
Virginia Tech for his M.S. and Ph.D. degrees in ECE. “I was very 
fortunate to receive an education at both universities,” he explains, 
“Tsinghua has very good undergraduate programs. I really learned a 
lot of fundamental knowledge and skillsets that prepared me for my 
graduate work here. Virginia Tech is very strong in power electronics 
and power systems education, so I was also very fortunate to study 
here.”

Dong is now helping to facilitate and plan discussions between 
the departments. Through the collaboration, he observes, “You kind 
of reach all the professors who taught me in the very beginning. It’s 
an interesting feeling.” He also sees the potential for ECE to attract 
talented students from Tsinghua’s undergraduate programs. “The 
benefit to me,” he explains, “is that I can know more students over 
there. So, I can try to lure students to come do research here.”

As Dong points out, ECE’s association with Tsinghua’s Depart-
ment of Electrical Engineering will also help promote both universi-
ties internationally and foster research innovation, especially in the 
areas of power electronics and power systems.

The Virginia Tech campus.
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CPES is strengthening its alliances with international partners to coordinate power 
electronics research globally. For more than a decade, CPES, the New Generation of 
Power Electronics Research Consortium Japan (NPERC-J) and the European Center 
for Power Electronics (ECPE) have worked together to advance power electronics 
technology. In recent years, the three centers have formalized their relationship and 
begun collaborating even more intensely.

CPES, NPERC-J, and ECPE’s leaders recently renewed a memorandum of 
understanding among the groups. With this document, the organizations, which 
each bring together hundreds of allied academic and industry researchers, have 
agreed to share information and roadmaps in order to coordinate their research 
efforts.

The seeds of this collaboration were planted in the early 2000s when CPES, 
as an NSF Engineering Research Center (ERC) encompassing power electronics 
researchers from universities across the United States, began to attract the atten-
tion of academic, business, and government leaders abroad. Japan quickly launched 
its own Power Electronics Research Center within National Institute of Advanced 
Industrial Science and Technology (PERC/AIST was the predecessor of NPERC-J), 
and Leo Lorenz, who had served on CPES’s advisory board, created ECPE.

Although these groups differ in some respects (for example, CPES is a con-
sortium led by academics with industry allies whereas ECPE is a consortium led 
by industry with academic allies), they share an overarching goal: to coordinate 
activities and share knowledge between researchers to promote innovation in the 
field of power electronics. Because of their members’ shared interests and passions, 
conversations and partnerships between the centers began quickly and naturally.

When the NSF-ERC at CPES ended in 2008, members of CPES, ECPE, and 
NPERC-J continued to communicate and share information individually, but 
without a formal agreement between the organizations. In 2015, Hiromichi Ohashi, 
president of NPERC-J, reached out to the directors of the other centers to renew 

their collaboration through memoranda of understanding, which were signed in 
that year.

Strong global research alliances support  
power electronics advances, commercialization

COLLABORATIONS FOR RESEARCH

CPES International Collaborations with NPERC-J and ECPE
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The relationship has had many benefits internationally. “It helped awareness of 
industrial activities that happened in different environments,” explains CPES Direc-
tor Dushan Boroyevich, “awareness of who is doing what, where, especially with 
small companies because big companies are well known around the globe.” He adds, 
“Companies became members of one, then another, then all three organizations.”

Communication and comparison between the groups also spurred a friendly 
competitiveness that promoted efficiency. “Each group has seen the successes of 
the others,” observes Boroyevich, “and we tried to pick up the best practices.” For 
the most part, this meant adopting new organizational methods for coordinating 
research efforts and engaging young engineers to bring them into the field.

ECPE, NPERC-J, and CPES, which share a common vision—to develop the 
efficient, sustainable, and reliable power grid of the future—plan to extend their 
relationship in the future. 

In particular, Christina DiMarino, who helped welcome the ECPE and 
NPERC-J members to Arlington during their visit last year, sees strong possibilities 
for collaboration on the development of wide bandgap (WBG) electronics. “In the 
United States, Asia, and Europe, there is strong industry presence and expertise in 
this area, and there is a great opportunity to share information.” 

To strengthen relationships and explore possibilities for future cooperation, the 
centers’ leaders have begun inviting each other to visit and speak with their members. 

In January of 2020, Boroyevich travelled to Tokyo, where he and Lorenz gave 
the keynote presentations at NPERC-J’s annual meeting, which was attended by 
more than 100 Japanese participants.

The next exchange was planned for Ohashi’s keynote speech at CPES’s annual 
meeting, on Power Devices Now and Future Directions.

When they meet, the centers’ leaders share their visions for power electronics 
and discuss new ways to assist each others’ research efforts. In particular, Boroyevich 
notes, “We are still figuring out how to best share information.” The personal rela-
tionships and lines of communication between the groups are strong, which suggests 
the collaboration will continue and improve in the coming years.

TOP ROW – NPERC-J Board Members: Tamotsu 
Ninomiya, Atsuo Kawamura, Koji Tomita, Yuichi Kado.  
FRONT ROW – Dushan Boroyevich, CPES Director, 
Hiromichi Ohashi, NPERC-J President, Leo Lorenz, 
ECPE President in Japan after renewing  
the memorandum of understanding between  
the groups.

“...there is strong 
industry presence 
and expertise in this 
area, and there is  
a great opportunity  
to share information.”

—Christina DiMarino

Shin-ichi Nishizawa, NPERC-J Board member, Hiromichi Ohashi, NPERC-J President, 
Christina DiMarino, CPES Assistant Professor, and Dushan Boroyevich, CPES Director  
at the 2019 CPES Conference in Blacksburg.
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CPES FACULTY WIN 
CRITICAL RESEARCH 

AWARDS
CPES faculty members have received pres-
tigious and competitive awards to fund 
research projects that will help make 
power electronics more energy efficient 
and resilient in harsh conditions. They are 
pursuing breakthroughs in wide bandgap 
(WBG) and medium voltage DC (MVDC) 
technology that will improve the sustain-
ability of power systems by reducing 
energy consumption and extending the 
lifespan of components. Through their 
research, CPES will continue to lead the 
field of power electronics into the future 
and create opportunities for students to 
learn while working on projects critical to 
national interest.

FEATURES10



In 2018, ARPA-E awarded CPES, Eaton Corporation, 
and the Illinois Institute of Technology a $4.4 million 
grant to develop an ultra-fast, ultra-efficient, intelligent 
medium voltage dc (MVDC) hybrid circuit breaker. 
Assistant professor Dong Dong is serving as principal 
investigator on the project.

MVDC is primarily used in electrified transporta-
tion, like rail, but could have significant applications in 
distribution networks, distributed energy resources, 
and renewable energy systems. Compared to low and 
high voltage dc, which have been well explored and 
adapted to many functions, MVDC is still in the early 
stages of development. 

The grant was awarded to Dong’s team by ARPA-
E’s BREAKERS (Building Reliable Electronics to 
Achieve Kilovolt Effective Ratings Safely) program. 
One of the chief obstacles to wider use of MVDC is 
inadequate hardware protection against faults (e.g., 
short circuit and overload faults). APRA-E’s BREAK-
ERS program aims to remove this obstacle by funding 
the development of new MVDC circuit breakers that 
will expand MVDC’s applications while improving 
grid resiliency.

Dong’s team will advance this effort by collabo-
rating with research partners to create an intelligent 
MVDC circuit breaker. Their objective is for the device 
to achieve 6 kV dc operating voltage, 200 A rated 
current, < 500 µs active interruption time, and > 99.99% 
efficiency while remaining less than 0.064 m3  in size. 
Over the course of the project, CPES researchers will 
design an ultra-fast vacuum switch, a novel transient 
commutation current injector, and a MV electronic 
interrupter. They will also focus on system integration 
and developing intelligent switching operations.

Dong awarded ARPA-E grant
for MVDC circuit breaker 

Dong Dong
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Ngo wins ARPA-E grant
for 20 kV GaN switch

ARPA-E awarded a $3 million grant to CPES for the 
development of a 20 kV gallium nitride (GaN) switch to be 
demonstrated in a high-efficiency medium-voltage power 
module. The switch will accelerate the application of GaN 
devices in renewable energy grid-level and transportation 
systems. Kai Ngo is serving as principal investigator.

Components made with GaN can achieve fast switch-
ing and operate at high temperatures, making them critical 
for the development of solid-state transformers (SSTs). 
SSTs can operate at high frequencies and will be far smaller 
and lighter than current transistors, which will make 
it easier to adapt and deploy equipment – and improve 
overall grid efficiency by up to 10%.

For SSTs to be deployed on a large scale, however, 
switches would need to consume less than 0.5% of the 
power. Silicon carbide (SiC) has many applications, but 
it exceeds the 0.5% limit. GaN devices, which have six 
times lower specific on-resistance than those made with 
SiC, could reach the efficiency target necessary for the 
development of SSTs.

Ngo and his team will use high-quality substrates and 
innovative growth techniques to reduce the background 
impurity contamination in the thick layers needed to block 
20 kV. Their power module will be fabricated using three-
dimensional packaging for improved thermal management 
and high-power density at 20 kV. The power module will 
enable the full potential of high-voltage, high-temperature, 
and fast-switching GaN devices in medium voltage power 
converters for use in renewable energy grid-level applica-
tions and transportation.

The device will help the U.S. position itself as a global 
leader in the integration of GaN-based technology into 
power electronics, which will dramatically reduce energy 
consumption and facilitate the integration of renewables 
into the power grid and electrical transportation systems.

The $3 million grant was received through ARPA-E’s 
OPEN grant system, which funds technological research 
that will have a transformative impact on the economy but 
does not fall under one of ARPA-E’s current areas of focus.

Kai Ngo
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PowerAmerica awarded a $1.3 million grant to CPES 
in 2018 for the development of a 100 kW Silicon 
Carbide (SiC)-based generator rectifier unit, primarily 
intended for use in aviation. Rolando Burgos is the 
principal investigator on the project.

SiC is one of several compounds used to create 
wide bandgap (WBG) devices capable of operating at 
very high temperatures. SiC-based components are 
smaller, lighter, more energy efficient, and less depen-
dent on cooling systems than currently available tech-
nology. For example, whereas the most sophisticated 
rectifiers on the market now achieve 97% efficiency and 
a power density of 80 W/in3, the rectifier unit Burgos 
has proposed to create will reach 99% efficiency with a 
power density of 120 W/in3. It will be integrated into 
a 1.2 kV SiC MOSFET module qualified for 200° C and 
capable of operating at high altitudes.

PowerAmerica, with support from the Depart-
ment of Energy, funds projects that will accelerate the 
adoption of WBG devices nationwide. By making it 
easier and cheaper to integrate WBG components into 
aviation and other transportation systems, Burgos’ rec-
tifier will help the U.S. retain a technological lead and 
create high-end new jobs in the aviation, semiconduc-
tor, and power electronics industries.

The project is being supported by Raytheon and 
GE Aviations, both industry partners of CPES, and 
will give graduate and undergraduate students the 
opportunity to gain experience with WBG modules 
and airborne electrical systems.  

Burgos awarded $1.3 million grant 
to create next generation of rectifiers

Rolando Burgos
SH

AW
N 

SP
RO

US
E

13CPES ANNUAL REPORT 2020



CPES growing the field 
with boom in master’s students
Virginia Tech is expanding its graduate programs in 
northern Virginia in anticipation of the Innovation 
Campus and new Amazon headquarters coming to 
the region. The Commonwealth of Virginia has set 
ambitious targets for new master’s graduates to help 
meet demand from industry for more engineers 
with advanced degrees and skills. By developing new 
courses and expanding infrastructure to significantly 
increase the scale of Virginia Tech’s presence in 
northern Virginia, CPES faculty members are par-
ticipating in this effort to turn the Commonwealth 
into one of the nation’s critical technology hubs.

The new master’s students joining Virginia 
Tech will primarily be enrolling in ECE’s Master 
of Engineering (M.Eng.) program, which offers a 
rigorous curriculum that culminates in a semester-
long project with a final report rather than a thesis. 
Currently, M.Eng. students can choose to pursue one 
of three areas of emphasis: cybersecurity, machine 
learning, and electronic power systems. All of the 
CPES faculty members in northern Virginia are 
helping design and teach the courses for the M.Eng. 
emphasis on electronic power systems.

Currently five M.Eng. students are enrolled in 
this program in northern Virginia—the first gradu-
ates this semester. To meet the department’s enroll-
ment targets, the CPES team will need to recruit new 
faculty members, scale up course offerings, open new 
labs, and create new workspaces to accommodate 
hundreds of students. Most importantly, they will 
need to increase their marketing and outreach efforts 
to identify and recruit potential students.

Daunting as this expansion may seem, having 
such a large pool of collaborating graduate students 
presents exciting prospects for CPES. “Having that 
type of critical mass will really help propel the cur-

riculum for power electronics in this area and create 
a great classroom and working environment,” says 
ECE assistant professor Christina DiMarino.

The expansion will also bring new students into 
the CPES labs and their projects will help generate 
new research. DiMarino is currently working with 
an M.Eng. student to develop unique metallization 
for standard power semiconductor devices that will 
improve their flexibility and electrical performance. 
Igor Cvetkovic, the technical director of CPES, notes 
that another of the students is now working in a 
CPES lab in northern Virginia after taking an inter-
est in its research projects.

The increased enrollment will also help CPES 
form stronger ties with industry in the greater-
Washington D.C. area. The Commonwealth aims 
for 50% of the new engineering students attracted by 
its campaign to be Virginia residents. For the most 
part, these students will be returning to school full- 
or part-time after having worked in industry—and 
go on to more specialized or advanced positions in 
industry after graduating. They will help ECE and 
CPES develop new relationships with corporate 
and government research centers across the region 
and country.

To accommodate these students, the M.Eng. 
programs have very flexible scheduling: the degree 
can be completed in a 12-month sprint (back to 
back summer, fall, and spring semesters) or over the 
course of two-and-a-half years.

Currently, M.Eng. graduates earn a median 
starting salary of more than $85,000, making the 
program attractive to engineers looking to skill-up 
through coursework and hands-on experience and 
give their careers, and incomes, a boost.
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CPES growing the field 
with boom in master’s students

Sri Naga Vinay Mutyala is an NCR-based 
Masters of Engineering student who also 
works for CPES on an Office of Naval 
Research program.
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LOCKHEED MARTIN CORPORATION 
STUDENT FELLOWSHIP

From 2016 to 2018, Lockheed Martin Corpo-
ration donated $15,000 each year ($45,000 
total) toward CPES student fellowships. 
These contributions, part of Lockheed 
Martin’s ongoing effort to support STEM 
education at Virginia Tech, funded new 
research, new technologies, and creative 
collaborative projects like FutureHAUS.

Lockheed Martin is one of the largest 
employers of Virginia Tech graduates and 
has been a CPES Principal Plus Member 
of both the Power Management and High 
Density Integration mini-consortia since 
2016. CPES is extremely grateful for this 
philanthropic support and is proud to 
report on the impact the student fellow-
ships have made.
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Matthew Lustig, a freshman, received a 
Lockheed Martin scholarship in 2020. He 
used the grant to research a new energy 
harvesting method that could make air-
craft less reliant on fossil fuels and reduce 
global carbon emissions. His study con-
cerned the feasibility of using Seebeck 
effect-based power generation methods 
to produce electric potential that can be 

used to power aircrafts’ onboard electron-
ics by using the temperature differential 
between the inside of the engine and the 
cold, high-altitude environment outside. 
Matthew will present his working proto-
type at the CPES 2020 Annual Conference 
in April and will continue to work on this 
topic over the summer break of 2020.

Elif Patton (EE), Matthew Erwin  
( C o m p u t e r  E n g i n e e r i n g ) ,  a n d  
Michaela Goldammer (EE), received 
fellowships from Lockheed Martin in 
2018 to participate in the international 
Solar Decathlon Middle East competition 
in Dubai, UAE. FutureHAUS, Virginia 
Tech’s entry, the only team from the U.S., 
won the international competition with a 
state-of-the-art design.

Patton, Erwin, and Goldammer, all 
seniors at the time, were highly involved 
in the design, construction, and testing 
of the electronic energy system. The 
trio report that the project was a unique 
opportunity to connect theory and prac-
tice. Through it, they were able to push 
their education beyond the undergradu-
ate curriculum by performing testing 
of advanced power electronics systems 
and components that were one of the 
key attributes that helped FutureHAUS 
stand out from the competition. Erwin 
and Patton also received funding from 
Lockheed Martin in 2019 to participate 
in a FutureHAUS demonstration in New 
York’s Times Square, where they worked 
on system commissioning and testing and 
performed technology demonstrations to 

numerous visitors. Patton now works at 
Dominion Energy; Erwin is in the hiring 
process with the Federal government; 
and, Goldammer currently works with the 
Boeing Company.

Rebecca Rye (EE), studied integration 
of wide bandgap devices into the elec-
tric grid with renewable energy systems 
in order to enhance system-level opera-
tion with a Lockheed Martin Corpora-
tion Student Fellowship. Currently, she 
is a M.S. student at CPES and has recently 
accepted a job at Dominion Energy. 

John Noon (EE) and Eric Giewont (EE) 
received scholarships from Lockheed 
Martin to participate in the development 
of a high-density three-level SiC uninter-
ruptible power supply (UPS). The U.S. 
Department of Energy – Power America 
Institute also contributed funding to this 
project. Noon, is a CPES Ph.D. student, 
and Giewont works at NAVAIR and 
is a M.Eng. student at Johns Hopkins 
University.
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2020 CPES Student 
Council Report
In 2020 the Council introduced a new system so that volunteers 
will serve for approximately two years, with half the board 
rotating through each year. We hope that adopting this 
system will help inject new ideas into ways to support the 
CPES family, and represent the student voice. In addition to 
the standard programming efforts, highlights include wel-
coming back Prof. Toshihisa Shimizu (visiting scholar in ‘98) 

Research scientists (Post Docs) Boran Fan and Ming Xiao traverse  
the waters of Claytor Lake.

CPES student Lujie Zhang explores Claytor Lake  
on a water bicycle.

The CPES family attending the summer picnic at Pete Dye River Course.

and a group of students and faculty from Japan. In addition, 
a football tailgate was hosted to welcome new students, and 
expose CPES members to the American collegiate pastime. Of 
course, the Council would like to thank all of the volunteers, 
staff, faculty, and alumni for their time and effort supporting 
the CPES family.
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CPES affiliates attend event featuring a live 
performance of VT NCR band which includes 
CPES Technical Director Igor Cvetkovic.

Students Junjie Feng and Jianghui Yu throw a football at 
the first CPES tailgate.

CPES students attend the VT v. UNC football game which resulted in a win after 6 overtimes.

CPES Student Council hosts students, scholars, and faculty (including Prof. Shimizu a 
former VPEC visiting scholar) from Japan.
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Gallium oxide (Ga2O3) has emerged as a 
promising semiconductor for future power 
electronics, thanks to its ultra-wide bandgap 
(4.8 eV, about 1.5 times larger than SiC 
and GaN, and over 4 times larger than Si), 
controllable doping, and the availability of 
large-diameter wafers. Gallium oxide power 
devices have superior theoretical limits 
when compared to Si, SiC, and GaN devices 
and are particularly promising for high-
voltage, high-temperature applications. A 

key challenge of current Ga2O3 power devices is the lack of effective edge 
termination, which prevents taking full advantage of the high critical elec-
tric field of Ga2O3. 

This work demonstrates vertical Ga2O3 power Schottky barrier diodes 
(SBDs) with a novel edge termination, a beveled field plate (SABFP), where 
a beveled angle is implemented in both dielectric field plates and is mesa 
etched. The beveled angle was carefully designed through simulation, and it 
was found that a small angle is best for spreading the crowded electric field. 
We developed a set of novel techniques to fabricate the small beveled angle 

Ultra-Wide Bandgap Gallium Oxide  
Power Rectifiers

in dielectrics and Ga2O3. Our fabricated Ga2O3 
SBDs show a specific on-resistance of 2 mΩ·cm2, 
a breakdown voltage over 1,100 V, and a peak 
electric field of 3.5 MV/cm, which exceeds the 
critical electric field of SiC and GaN. In addition, 
our Ga2O3 SBDs are operational at high tempera-
tures up to 600 K. Compared to the state-of-the-
art SiC and GaN SBDs when blocking a similar 
voltage, our vertical Ga2O3 SBDs are capable of 
operating at significantly higher temperatures 
and show a smaller leakage current increase with 
temperature. These results show the enormous 
potential of Ga2O3 for next-generation, high-
temperature, high-voltage power applications.



Switch-mode power supplies have always been 
driven by the need for higher efficiency and 
higher power-density, especially for applications 
in areas such as aerospace, IT, telecommunica-
tions and consumer electronics. Among all pos-
sible topologies, the LLC resonant converter is 
deemed the preferred choice, with its capabil-
ity to achieve ZVS for primary switches and 
ZCS/ZVS for synchronous rectifiers and realize 
higher efficiency and power density. When the 
LLC resonant topology is employed in conjunc-
tion with the new generations of wide bandgap 
power semiconductors, the circuit is capable of 
running beyond megahertz, about an order of 
magnitude higher than its silicon counterpart. 
However, despite numerous modeling attempts, 
the small-signal behavior of the converter is not 
well understood. Consequently, no adequate 
small-signal model has been developed to facili-
tate feedback control design for realizing the 
converter’s full potential for high performance 
wide-bandwidth design.

The crux of the modeling difficulty is due to 
the fact that the operation of this type of reso-
nant converter is based on the use of a band-pass 
filter in conjunction with a low-pass filter. The 
matter is further complicated by the presence of 
a rectifier, which is a nonlinearity that mixes and 
matches the original modulation frequency. Thus, 
the modulation signal becomes intractable when 
using a frequency domain modeling approach. 
CPES recently developed an accurate small-
signal model, for the first time, using a time 
domain approach. The model is accurate beyond 
switching frequency. Using this small-signal 
model, a simple designed-oriented, third-order 
equivalent circuit model was provided (Fig. 1) that 
targets the frequency range below the switching 
frequency. With this simple, accurate model, we 
are able to predict the small-signal behaviors 
of the LLC converter with high accuracy at half 
of the switching frequency. The simplified low 
frequency model consists of phase-changing 
double poles and a right-half-plane (RHP) zero. 

Design-Oriented  
Equivalent Circuit Model  
for Resonant Converters

The double pole when operated at high frequency 
manifests the property of a well-known beat fre-
quency between the switching frequency and the 
resonant frequency. As the switching frequency 
is approaching the resonant frequency of the 
tank, a new double pole is formed between the 
resonant tank, represented by Le, and the output 
filter.

At high modulation frequency, the resonant 
converter behaves like a non-minimum phase 
system. This property was neither recognized nor 
characterized before and can be represented by 
an RHP zero. This RHP zero may be an impedi-
ment for high-bandwidth design if not prop-
erly treated. Based on the proposed model, we 
can mitigate this unwanted RHP zero by either 
changing the resonant tank design or by proper 
feedback compensation. The challenge occurs 
when an LLC converter is expected to operate 
with a wide gain change. This accurate model is 
essential for a high-performance high-bandwidth 
LLC converter. Fig. 1. Proposed small-signal 

equivalent circuit model and 
the predicted control-to-
output transfer function.
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Power electronic systems such as dc-dc converters and 
inverters for automotive applications must perform without 
failure in the face of harsh conditions, where power supplies 
are prone to undesired transients including crank- and jump-
starts that require the circuits be powered directly from the 
battery to operate reliably over a wide input range. Addition-
ally, automotive converters work in environments of high 
ambient temperatures up to 125° C, where they can not be 
cooled down by force convection. As a result, high efficiency 
is mandatory to ensure safe operation. For these reasons, 
CPES has designed an integrated power supply for automo-
tive gate-driving applications targeting high-efficiency and 
high-power density with a wide-input voltage range.

As an effective way for miniaturization, the printed-
circuit-board-embedded (PCB-embedded) technique is 
adopted to build the transformer. Shown in Fig. 1, the mag-
netic core is embedded into the multi-layer PCB and serves 
as the substrate carrying the rest of converter circuitry. By 
saving the footprint of the transformer and removing the 
extra space between the transformer and other components, 
a more compact design can be achieved. Gallium nitride 
(GaN) high-electron-mobility transistors (HEMTs) are used 
in the designed power supply due to their higher switching 
frequency, higher blocking voltage, and higher operating 
temperature capability, thereby effecting a significant per-
formance improvement of power density and efficiency. 

In this work, a gate-drive power supply (GDPS) with two 
isolated outputs of 24 V is designed. Its input voltage ranges 
8.5 V to 28 V, and the power rating of each output is 5 W. The 
size of the GDPS is 21 mm x 20 mm x 7.35 mm, representing a 
power density of 53.2 W/in3. The prototype shows a peak effi-
ciency of 89.7 percent and a maximum operating temperature 
of 105° C and 115° C at the low line and high line, respectively.

Integrated Power Supply for  
Automotive SiC MOSFET Module  
Gate-Driving Applications

Fig. 1. (a) PCB-embedded transformer structure

Fig. 1. (b) gate-drive power supply



Exploring the possibility of utilizing wireless 
power transfer (WPT) technology as an auxil-
iary power supply (APS) in a medium-voltage 
(MV) power cell, CPES has developed a gallium 
nitride-(GaN)-based, 48 V to 48 V, 120 W output 
power APS with a 1 MHz switching frequency, 
93% efficiency, a 2.78 pF isolation capacitance, 
and a 30 kV voltage insulation capability. The 
distance between primary and secondary side 
coils is 34 mm.

As an APS in a power cell, the converter should 
have an optimized design with high efficiency, low 
EMI susceptibility, and a high insulation capabil-
ity. First, for high efficiency, the volume of the 
converter can be shrunk without thermal issues. 
Second, regarding low isolation capacitance, the 
common mode current induced by high dv/dt can 
be limited to reduce EMI susceptibility. Also, as 

An Optimized Wireless-Power-Transfer 
Converter Powering Medium-Voltage,  
High-DV/DT Modular Conversion Systems

the APS for an MV power cell, the converter should 
have high voltage insulation capability. Therefore, 
a multi-objective optimization is done to cover all 
three of these important aspects. 

At the same time, a series-series-CL topol-
ogy is proposed so that the resonant converter 
has coupling-independent resonant frequency, 
load-independent output voltage, and an 
adjustable output voltage by tuning a pair of RC 
parameters without changing the optimized coil 
structure. Also, the reactive power in the system 
can be tuned by a resonant capacitor so that 
the reactive power can be minimized to reduce 
conduction loss while some reactive power can 
be kept to charge and discharge output capaci-
tors to achieve zero voltage switching (ZVS), thus 
reducing system switching loss. 
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The recently developed 10 kV SiC MOSFET 
devices have enabled simpler topologies with 
reduced device count for medium-voltage (MV) 
power electronics converters. Using effective 
electric field control techniques in the design 
and assembly of the various constituent com-
ponents can further increase the system power 
density. Printed circuit board (PCB) technology 
allows a virtually defect-free insulation design 
for MV system integration with fabrication capa-
bilities that can accurately implement compli-
cated layouts to shape and limit the electric 
field intensity. A novel modular 16 kV PCB-based, 
dc-bus distributed capacitor array is designed 
for a 200 kW, 3-phase, 2-level PV inverter build-
ing-block, additionally featuring an integrated ac 
terminal to fully interconnect 10 kV SiC MOSFET 
power modules. Emphasis is given to the modular daughtercard-mother-
board structure of the dc-bus capacitor array, allowing for minimized loop 
inductance and a partitioned insulation system design. A multilayer PCB 
with optimized internal conductor net-net spacing and embedded shields 
is used to limit insulator material stress, as well as surface discharge on 
the external interconnections. The design was verified using measurement 
tests to be PD-free 18 kV dc excitation. 

A 16 kV, PCB-Based, DC-Bus  
Distributed Capacitor Array  
with Integrated Power-AC-Terminal  
for 10 kV SiC MOSFET Modules

26 LEADING THE WAY



A critical robustness of power devices is the 
capability to safely withstand the surge energy 
in a significant number of applications, such 
as electric vehicles and an electricity grid. The 
surge-energy ruggedness of power devices is 
usually tested under unclamped inductive switch-
ing (UIS) conditions. It has been found that Si and 
SiC power MOSFETs withstand surge energy 
through avalanching, a physical process that 
involves impact ionization and multiplication, 
and therefore can accommodate a large current 
at high voltage and dissipate the surge energy 
within the device. As the emerging GaN power 
transistors have no or very little avalanche, the 
surge-energy withstand process of GaN power 
transistors has not been fully understood. 

In this work, we, for the first time, unveil 
the comprehensive physics associated with the 
surge-energy withstand process of two com-
mercial enhancement-mode GaN high-elec-
tron-mobility transistors (E-HEMTs). It is found 
that GaN E-HEMTs withstand the surge energy 
through a resonant energy transfer between the 
device capacitance and the load inductor. The 
energy cannot be dissipated in GaN E-HEMTs; 
instead, it is transferred back into the load induc-
tor. Based on the revealed withstand process, 
we identify the critical failure mechanisms of 
GaN E-HEMTs during the withstand process 
as well as the key determining factor for their 
withstand capabilities. These findings provide 
crucial understandings and guidelines for the 
applications of GaN power transistors. 

Surge Energy Ruggedness  
of GaN Power Transistors
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By adopting gallium nitride (GaN) devices in power factor correction (PFC) 
converters, the switching frequency can be increased up to the MHz range, 
with dramatic improvement in power density and no loss of efficiency. Fur-
thermore, the inductor value is dramatically reduced, with more opportuni-
ties to integrate PCB windings into magnetics. With a PCB-based winding 
structure, opportunities for high frequency EMI common-mode (CM) 
noise reduction, previously inconceivable due to uncontrollable equivalent 
parallel capacitors (EPCs) and equivalent parallel resistors (EPRs), may be 
realized with a balance technique. 

To enhance the high frequency CM noise reduction of a balance tech-
nique, a novel PCB winding structure with an integrated coupled inductor 
is proposed. The CM noise model and balance condition for minimizing CM 
noise is derived. Moreover, ground loop impacts are studied and mitigated. 

A two-phase, interleaved totem-pole PFC converter with GaN devices 
(1-3 MHz fsw) is built up to verify the proposed balance inductor structure. 
Two balance inductors are introduced in the return path for CM noise reduc-
tion. All of the four inductors in the PFC circuit are integrated into a single 
EI magnetic core with 6 layers of PCB windings. Experimental results show 
that a balance condition is achieved in the whole interested frequency 
range (150 kHz-30 MHz) with 20 dB uniform CM noise reduction. At the 
same time, the resonant frequency of the ground loop is increased beyond 
30 MHz so that the ground loop impact in the interested frequency range 
is eliminated.

High-Frequency PFC with Coupled 
Inductor and Balance Technique  
for Common Mode Noise Reduction

Fig. 1. Measured common mode noise for cases  
without balance and with balance in the GaN based  
PFC converter. 

Coupled Inductor

GaN Module

700 W/in3

Fig. 2. MHz GaN based totem-pole  
PFC with coupled inductor and  
balance technique.



The rapid technological improvement of silicon 
carbide (SiC) MOSFET transistors combined with 
their extraordinary characteristics are key drivers 
for their utilization and gradual penetration in 
medium voltage (MV) applications. A SiC power 
electronics building block (PEBB), a constitutive 
part of a MV modular converter, provides inher-
ent capabilities for high-power density, high-
efficiency conversion, and lower system cost. 
However, intertwined challenges concerning 
high-voltage insulation, high-slew-voltage rates 
(dv/dt), protections, and high thermal stresses 
are simultaneously imposed on PEBBs and may 
put a stop to their use because failure to handle 
these issues almost certainly results in cata-
strophic failure. To fully utilize the benefits of the 
SiC PEBB and to tackle the unprecedented chal-
lenge synergy, a systematic design and assess-
ment methodology (DAM) for a MV SiC PEBB is 
developed. In this work, the whole methodology 
is bottom-up, from a component-level DAM to 
the power-cell level, featuring abundant verifica-
tion work to reduce the chances of destructive 
failure. Device characterization, critical insula-
tion considerations, and testing procedures are 
developed and described, confirming the partial-
discharge-free operation at the rated voltage of 
the power cell. A methodology for defining a safe 
PEBB operating area is developed for a certain 
cooling system. The thermal model is 90% accu-
rate, showing an acceptable maximum difference 
of 8˚ C, which is, considering the complexity of 
the system and its cooling, extremely valuable, 
proving the thermal modeling methodology. The 
designed enhanced gate driver, auxiliary circuits, 
controller, and vital sensors successfully deal 
with electromagnetic interference issues caused 

Design and Assessment of a  
6 kV, 250 kW, 100 V/ns, 99.6%,  
SiC Power Electronics Building Block

by having high slew rate voltage transients. 
The final designed version of the MV SiC PEBB 
for utilization in modular multilevel converter 
applications having the latest 10 kV SiC MOSFET 
half-bridge module achieved a power density 
>10 kW/l and a 99.6% efficiency. The power cell 
successfully operates at a dc-link voltage of 6 
kV, has an output current of 84 A, a switching 
frequency higher than 5 kHz, and high switching 
speeds up to 100 V/ns while maintaining a junc-
tion temperature lower than 150˚ C in both dc-dc 
and dc-ac mode.
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To further push the device operating voltage 
for applications beyond 10 kV, this work suc-
cessfully achieves series connection of two 
10 kV SiC MOSFETs with active voltage bal-
ancing. The active voltage balancing method 
is applied instead of the passive snubber, so 
the 20 kV switch can maintain a high switch-
ing speed (> 100 V/ns) without extra switching 
loss. To achieve active voltage balancing for fast 
switching SiC MOSFETs, an accurate gate signal 
adjustment with 0.25 ns resolution is achieved. A 
new gate driver is designed with a local voltage 
measurement, fault current detection and digital 
control, so all voltage balancing control and 
fault detection is achieved on the gate driver 
instead of the controller of the converter. The 
impact of a parasitic capacitor on the voltage 
sharing of series-connected SiC MOSFETs is also 
conducted in this work to show that the voltage 
sharing of fast switching SiC MOSFETs is very 
sensitive to the parasitic capacitor. The com-
pensation of an imbalanced parasitic capacitor 
is also addressed in this work.

A 20 kV Switch Using Series  
Connection 10 kV SiC MOSFETs  
and Active Balancing



PV inverters as power electronics devices for power conversion provide 
numerous options for control strategies and exceptional performance 
due to their closed-loop control. With development of renewable ener-
gies worldwide, power systems are seeing higher penetration of Utility 
Scale PV farms at the distributed level as well as the transmission level. A 
distribution system is weaker than a transmission system as it has higher 
impedances. Power electronics converters present negative incremental 
impedance characteristics at their input while under regulated output 
control, which brings in the possibility of system instability. While the IEEE 
standard 1547 newest version requires PV inverters to have reactive power 
control, there have been few investigations into the small-signal stability 
impact of PV inverters with reactive power control on distribution systems. 

In addition, existing studies either use the conventional way of state-
space equations and eigenvalues or use time-domain simulation methodol-
ogy, which are based on the assumptions that detailed models of the grid 
and the PV inverters are accessible. Different from previous literature, this 
research employs the generalized Nyquist criterion (GNC) method based 
on measured impedances in DQ frames at connection interfaces. The GNC 
method has the advantage that interconnection stability can be judged 
without knowing the grid and PV generator model details.

This study compares different local reactive power control modes for 
PV inverters in the aspects of static impact on grid voltage profiles and 
power loss in a 12 kV test-bed distribution system. It was discovered that 
DQ frame impedance of a PV inverter under volt-var droop mode control 
shows a significant difference from other reactive power control modes. 
The measured DQ frame impedances were validated by derivation results 
from small-signal models of PV inverters by both MATLAB simulation and 
hardware experiments. Based on the DQ frame impedances, GNC was uti-
lized to analyze the stability connection of a single PV farm and multiple 
PVs into the grid. GNC stability assessment results match with time-domain 
simulations and reveal the stability problem related to volt-var droop mode 
control. Within the impedance level of the test-bed system, volt-var droop 
mode control mode of PV leads to system instability, although this mode is 
preferred when taking into account the impact on the grid voltage profile 
and power loss. The PV farms connected to the same distribution grid may 
have interactions with each other under this mode.

Effect of IEEE 1547 Compliance in  
Utility-Scale PV Inverters
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Power electronics technology is commonly used in modern 
power systems for high-efficiency, high-density and high-
quality electrical power conversion. The PEBB concept has 
been proposed for the modular design of power converters, 
with the benefits of better scalability and reliability as well as 
lower maintenance cost. Numerous SiC-based modular power 
converters have been developed in MV applications, adopting 
a PEBB-based power stage architecture.

In general, the central control system and the distributed 
control system are two typical architectures used for modular 
power converters. The central control system has only one con-
troller for all of the control tasks, which requires very powerful 
computation capability and a large number of interfaces. With 
the increased number of PEBBs, a cable system will be very 
complicated. In addition, the uncontrollable latency between 
the central controller and each PEBB may cause a large current 
ripple with the increase of the switching frequency, which is 
not applicable for SiC applications. For distributed control, 
each PEBB owns a less powerful individual controller that 
communicates with a central controller. The PEBB controller 
can share the computational burden with the central control-
ler and increase the scalability and modularity of the power 

PESNet 3.0: A 1 NS-Jitter Synchronous Distributed 
Control and Communication Network

system. However, the major challenge in building a distributed 
control and communication network is the requirement of high 
synchronization accuracy. In a distributed control and com-
munication network, PWM signals are modulated in each PEBB 
controller based on its own FPGA. It is necessary to ensure 
synchronous operation to follow the designed modulation 
scheme. Otherwise, there will be harmonic distortion. With 
a high switching frequency, high synchronization accuracy 
(nano-second range) is required in SiC-based applications. 

In this work, an additional voltage-controlled crystal oscil-
lator (VCXO) chip is added on the control board. The phase 
and frequency of the oscillator for all the controllers can be 
adjusted to be identical. In the proposed communication 
protocol PESNet 3.0, the synchronization method is based 
on the digital and analog syntonization and precision time 
protocol (PTP). An experiment with three controllers in the 
line topology is conducted. Keeping the system running for six 
hours, the synchronization performance is observed as shown 
in the figure. The time scale is 5 ns/div, and the total sampling 
points reaches 518,682 samples. The synchronization accuracy 
per node is 1 ns.



This is a 15 kW isolated dc-dc converter for the second stage of a medium-
voltage ac (4,160 V ac or 13.8 kV ac) to low-voltage dc (400 V dc) system. A 
capacitor-inductor-inductor-capacitor (CLLC) resonant converter topology 
is adopted to achieve bi-directional operation with 1.2 kV silicon carbide 
(SiC) devices on the primary side and 600 V gallium nitrate (GaN) devices 
on the secondary side. A 200 kHz switching frequency is achieved, which 
is at least 5 times higher than current industry practice. A high-frequency 
transformer based on a UU core structure is designed and built to provide 
medium-voltage isolation in the most efficient way. The converter has an 
outstanding 98.7% efficiency and 61 W/in3 power density.

High-Frequency Transformer Design  
with High-Voltage Insulation  
for Modular Power Conversion  
from Medium-Voltage AC to 400 V DC

33CPES ANNUAL REPORT 2020



STATISTICS

34 STATISTICS



$162M+
Research expenditures

137
Patents awarded

251
Companies have belonged  
to the CPES Industry Consortium

178
PhD degrees awarded

930
Research projects sponsored  
by government and industry

191
Master’s degrees awarded

302
Invention disclosures filed
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4
IEEE Fellows

21
CPES alumni in academia

41
Countries with technical exchange

3,095
Conference and journal papers

353
Visiting professors, students,  
and industry engineers

24,000
Square feet of space

2
National Academy  
of Engineering members

27
Startup companies founded  
by CPES alumni
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The CPES industrial consortium is designed  
to cultivate connectivity among researchers in 
academia and industry, as well as create synergy  

within the network of industry members. It offers the 
ideal forum for networking with leading-edge companies 
and top-notch researchers and provides the best mech-
anism to stay abreast of technological developments in  
power electronics.

• Complimentary registration for CPES  
Annual Conference.

• Access to state-of-the-art facilities, faculty 
expertise, top-notch students.

• Leveraged research funding of more than $5 
million per year.

• Industry influence via Industry  
Advisory Board.

• Intellectual properties with early access  
for Principal Plus and Principal members  
via CPES IPPF (Intellectual Property  
Protection Fund).

• Technology transfer made possible via special 
access to the Center’s multidisciplinary team 
of researchers, and resulting publications, 
presentations, and intellectual properties.

• Continuing education opportunities via  
professional short courses offered at a  
significant discount. 

• Option to send engineers to work with  
CPES researchers on campus via the Industry 
Residence Program.

CPES Industry Consortium

PRINCIPAL PLUS MEMBERS
Annual contribution - $50,000
Principal Plus Members gain tangible benefits via research collaboration 
with CPES as a member of one of the mini-consortia on focused  
research—PMC (Power Management Consortium), HDI (High Density 
Integration), or WBG-HPCS (Wide Bandgap High Power Converters & 
Systems). Companies interested in more than one focused research area 
may join another mini-consortium for an additional annual contribution 
of $50,000 each. In addition to all the benefits offered to Principal and 
Associate Members, Principal Plus Members have easy access to cutting-
edge IPs via the CPES IPPF (Intellectual Property Protection Fund), as well 
as interactive opportunities with CPES researchers via designated student 
contacts and mini-consortium reviews.
 
PRINCIPAL MEMBERS
Annual contribution - $30,000
Principal Members are well positioned to influence and guide CPES as 
Industry Advisory Board (IAB) members. Principal Members also have 
cutting-edge IP advantage via automatic IPPF (Intellectual Property 
Protection Fund) membership, in addition to all the benefits offered to 
Associate Members.
 
ASSOCIATE MEMBERS
Annual contribution - $15,000
Associate Members gain a competitive edge, not only through easy access 
to CPES research results, researchers, and state-of-the-art facilities, but 
also opportunities for technical exchanges via the Industry Residence 
Program and continuing education via CPES short courses to stay abreast 
of new technologies. Companies participating in the Industry Residence 
Program must be actively engaged in collaborative research with the 
Center in technical areas that are of mutual interest, to be determined 
jointly with CPES faculty host.
 
AFFILIATE MEMBERS make in-kind hardware/software donations to CPES 
equivalent to $10,000 per year. Their contributions must be relevant to 
CPES research. Membership participation at this level requires approval of 
the Center Director. 

The CPES connection provides the  
competitive edge to industry members via:

MEMBERSHIP STRUCTURE



Sponsored Research University Patent Single IP Used

University
Research

IPPF

Principal
Level Members

Technology
 Transfer

CONVENTIONAL
University 
IP Process

CPES IPPF
Intellectual Property 

Protection Fund

Technology
 Developed

Research Funding

Patent Funding

Industry
Relevance

IP Licensed to  
Interested Firms

IPPF is a unique IP access mechanism that provides extraordinary IP 
advantage to all Principal-level members. IPPF is available automatically, at no 
additional cost, to Principal Plus and Principal members. IPPF members meet 
quarterly with inventors to discuss invention disclosures and jointly decide 
which technologies to protect, with patenting costs covered by IPPF. 

Once a technology is protected, IPPF members are granted a royalty-free, 
non-exclusive, non-transferable license to use the technology. IPPF is appli-
cable only to technologies developed by CPES-VT researchers under the CPES 
industry consortium.

Intellectual Property Protection Fund (IPPF)
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3M Company
ABB, Inc.
Analog Devices
Aurora Flight Sciences
CRRC Zhuzhou Institute Co., Ltd.
Delta Electronics
East China Research Institute of  

Microelectronics
Efficient Power Conversion
Enersys
Ford Motor Company
FSP-Powerland Technology, Inc.
GE Global Research/Aviation
GE Grid Solutions

General Motors
Groupe SAFRAN
Huawei/Futurewei
Hyundai Mobis
Infineon
Innoscience (Zhuhai) Technology
Intel
Inventronics (Hangzhou), Inc.
Jiangsu Wanbang Dehe New Energy 

Technology Co., Ltd.
Komatsu Ltd.
Lite-On Technology Corporation
Lockheed Martin Corporation
Moog, Inc.

Murata Manufacturing Co., Ltd.
Navitas Semiconductor
NexGen Power Systems
Nissan Motor Co., Ltd.
NXP Semiconductors
ON Semiconductor 
Panasonic Corporation
Rockwell Automation
Siemens Corporate Technology
Silergy Corporation
Texas Instruments
TMEIC Corporation
United Technologies Research Center
Valeo

Eaton
Flextronics
LG Electronics
Mercedes-Benz R&D North  

America, Inc.
NR Electric Co., Ltd.

Raytheon Company
Schneider Electric IT Corporation
Toshiba Corporation
VERTIV
ZTE Corporation

Principal Members

Principal Plus Members

CPES
INDUSTRY MEMBERS 
January 2019–January 2020 JO

Y A
SI

CO



AcBel Polytech, Inc.
Calsonic Kansei Corp
Cummins, Inc.
Fuji Electric Co., Ltd.
Halliburton Energy Services, Inc.
Johnson Controls, Inc.
Kohler Company

Maxim Integrated Products
Microsoft Corporation
Northrop Grumman
Richtek Technology Corporation
Robert Bosch GmbH
Shindengen Electric Mfg. Co., Ltd.
Sumitomo Electric Industries, Ltd.

Suzhou Inovance Technology Co., Ltd.
TBEA SunOasis Co., Ltd.
TDK-Lambda Corporation
Tesla Motors
Toyota Motor Corporation
United Silicon Carbide, Inc.

ANSYS, Inc.
Chicony Power Technology Co., Ltd.
CISSOID
EGSTON GmbH
Electronic Concepts, Inc.
Hitachi Metals
Mentor Graphics Corporation

OPAL-RT Technologies
Plexim GmbH
Powersim, Inc.
Silvaco
Simplis Technologies, Inc.
Synopsys, Inc.                                  
Taiyo Yuden Co., Ltd.

Tektronix, Inc.
TOKIN Corporation 
Transphorm, Inc.
VPT, Inc.

Associate Members

Affiliate Members
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The CPES mini-consortium program provides 
a unique forum for creating synergy among 
industries and defining new research directions 

to meet future industry needs. The formation of the 
mini-consortium allows CPES to pool resources and 
focus on developing precompetitive technologies to 
address common challenges, and share the research 
results among mini-consortium members.

Mini-consortium members are enrolled in CPES 
as Principal Plus Members, with annual contributions 
of $50,000. They gain tangible benefits via research 
collaboration with CPES as a member of one of the 
mini-consortia on focused research:

• PMC (Power Management Consortium)
• HDI (High Density Integration)
• WBG-HPCS (Wide Bandgap High Power  

Converters and Systems) 

Companies interested in more than one focused 
research area may join another mini-consortium for 
an additional annual contribution of $50,000 each.

OVERVIEW | CPES Mini-Consortium Program

MINI-CONSORTIUM  
PROGRAM

4444 OVERVIEW | Mini-Consortium Program
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In 1997, at the request of Intel, CPES established a voltage regulator 
module (VRM) mini-consortium to address the issue of power 
management for future generations of microprocessors, target-

ing sub-1 volt and 100-200 amps current. As a result of this focused 
research, the CPES team developed a multi-phased VRM. Instead of 
paralleling power semiconductor devices to meet the current demand 
and efficiency requirements, the research team proposed to parallel a 
number of mini-converters. By paralleling the mini-converters and 
phase-shifting the clock signal, the team was able to both cancel the 
significant part of the output current ripple and increase the ripple 
frequency by N times, where N is the number of channels paralleled. 
This resulted in significant demonstrated improvement, specifically:

• 4 times improvement in transient response.
• 10 times reduction in output filter inductors.
• 6 times reduction in output capacitors.
• 6 times improvement in power density.
The new generation of Intel’s microprocessor is operating at a 

much lower voltage and higher current, with a fast dynamic response 
in order to implement the sleep/power mode of operation. This 
mode of operation is necessary to conserve energy, and to extend the 
operation time for battery-operated equipment. The challenge for the 
VRM in this case is to provide a precisely regulated output with fast 
dynamic response in order to transfer energy as quickly as possible to 
the microprocessor. Today, every Intel processor is powered by such 
multiphase VRMs developed by CPES.

The Power Management Consortium (PMC) is an outgrowth 
of the early VRM mini-consortium initiated in 1997. The goal is to 
extend its research scope with a focus on developing precompetitive 
technologies in the areas of power management for distributed power 
system architectures, EMI/EMC, power quality, ac-dc converters, 
dc-dc converters, POL converters in applications including micro-
processors, smartphones, tablets, notebooks, servers, data centers, 
networking products, telecom equipment, solid state lighting, battery 
chargers, transportation, renewable energy, and other industrial and 
consumer electronic applications.

The PMC mini-consortium has accumulated a wealth of knowl-
edge and made significant contributions to the power management 
industry. Since its inception, the program has been supported by more 
than 50 major semiconductor and power supply companies. PMC 
currently has 19 members. In the past year, Innoscience (Zhuhai) 
Technology and NexGen Power Systems have joined PMC.

The PMC places a significant emphasis on developing high effi-
ciency, high-power density switch-mode power supplies based on 
recent developments in wide bandgap (WBG) power devices such 

as gallium nitride (GaN) devices and silicon carbide (SiC) devices. 
This emphasis is highly leveraged with the recent DOE award of 
“PowerAmerica.“ CPES is a partner in this multi-industry, multi-
university collaborative program. The role of CPES is to work with 
the wide bandgap (WBG) manufacturing industry to explore potential 
applications and impacts of GaN and SiC devices on power conver-
sion technologies.

Below are some highlights of our  
WBG-based research:

• High-frequency adapter with 40 W/in3 power density and 
above 94% efficiency.

• High-frequency 1 kW single phase PFC with 700 W/in3 
power density and 99% efficiency.

• High-frequency 1 kW 400 V/12 V unregulated LLC  
converter with 900 W/in3 power density and  
98% efficiency.

• High-frequency 3 kW 400 V/48 V isolated dc-dc  
converter with above 98% efficiency and  
300 W/in3 power density.

• 48 V/12 V bus converter for telecom and server  
application with above 98% efficiency and  
1600 W/in3 power density.

• High-frequency 48 V/1 V voltage regulator for server 
application with above 94% efficiency and  
800 W/in3 power density.

• High-frequency 6.6 kW bidirectional on-board charger  
for plug-in electric vehicles with above 96%  
efficiency and 50 W/in3 power density.

• 11 kW battery charger with above 96% efficiency  
and 60 W/in3 power density.

• 25 kW inverter/rectifier module with 99% efficiency and 
170 W/in3 power density.

Power Management Consortium (PMC)

4646 OVERVIEW



3M Company
Analog Devices
CRRC Zhuzhou Institute Co. Ltd.
Delta Electronics
East China Research Institute of  

Microelectronics (ECRIM)
Efficient Power Conversion
FSP-Powerland Technology Inc.
Huawei / Futurewei Technologies Co. Ltd.
Infineon
Innoscience (Zhuhai) Technology
Intel
Inventronics (Hangzhou) Inc.
Jiangsu Wanbang Dehe New Energy Co. Ltd.
Lite-On Technology Corporation
Lockheed Martin Corporation
Murata Manufacturing Co. Ltd.
Navitas Semiconductor
NexGen Power Systems
NXP Semiconductors
ON Semiconductor
Panasonic Corporation
Silergy Corporation
Texas Instruments
Valeo

FACULTY
Fred C. Lee
Qiang Li
Yuhao Zhang

GRADUATE STUDENTS
Mohamed Ahmed
Yinsong Cai
Chao Fei
Junjie Feng
Rimon Gadelrab
Yi-Hsun (Eric) Hsieh
Zhengrong Huang
Feng Jin
Owen Jong
Bin Li
Virginia Li
Zheqing Li
Xin Lou

PMC MEMBERS
Yunwei Ma
Ahmed Salah Nabih
Tam Nguyen
Yanbo Shi
Gibong Son
Shuo Wang
Hao Xue
Ruizhe Zhang
Chunyang Zhao
Feiyang Zhu

VISITING SCHOLARS
Shaoliang An
Shih Ming Chen
Ryo Kajitani
Phu Hieu Pham
Ming Xiao

PowerAmerica
Department of Energy (DOE)
National Science Foundation (NSF)

LEVERAGED WITH GOVERNMENT FUNDING FROM:

WORK SCOPE
• High-performance VRM/POL converters.

• High-efficiency power architectures for laptops, desktops, and servers.

• High-frequency magnetics characterization and design.

• High-efficiency and high-power density power supplies with wide bandgap-
power devices.

• Digital control.

• Power management for PV systems.

• Power management for battery systems.

• Power management for automotive  
applications.

• Solid-state lighting.

• EMI.

PARTICIPANTS January 2019 – January 2020
RESEARCH TEAM

CPES ANNUAL REPORT 2020 47



HDI was created in 2011 as a mechanism for CPES and industry 
members to address emerging and long-term challenges in 
power electronic integration. While it is supported primarily 

by CPES membership, it also leverages sponsored research with major 
industries such as Delta, Dowa, GE, GM, Group Safran, Lockheed 
Martin, MKS, Nissan, Raytheon, Rolls-Royce, TI, Toyota, and UTRC, 
as well as with government agencies including the U.S. Department 
of Energy (ARPA-E), U.S. Department of Defense (DARPA, ONR, 
Army and Air Force), and National Science Foundation. The tradeoffs 
among reliability, efficiency, cost, electromagnetic compatibility, 
power density, and speed are explored as new materials, components, 
circuits, and applications emerge.

The commercialization of wide bandgap semiconductor devices 
such as silicon carbide (SiC) and gallium nitride (GaN) has shifted 
switching frequency beyond tens of megahertz, power rating beyond 
megawatts, and junction temperature beyond 250° C. Ancillaries, 
characterization metrology, modeling method, packaging process, 
and manufacturing paradigm need to be transformed.

Unique high-temperature packaging technology is an example 
of CPES fulfillment of these critical needs to the future power elec-
tronics industry. HDI developed die-attach materials which can be 
processed at low temperatures, yet are reliable at the temperature of 
the wide bandgap junction. Processes were developed to encapsulate 
ultra-thin planar packages with polymer having high glass transition 
temperature and dielectric strength.

Magnetic materials with low core loss-density were synthesized 
from magnetic metals for additive manufacturing of high-frequency 
magnetic components. Inductors were fabricated from heterogeneous 
magnetic composites to shape the EMI spectrum. Over-molding mag-
netic materials have been synthesized for integrating energy storage 
and protection functions.

Techniques to decouple the noise loops have been identified to 
enable high dv/dt commutation in wide-bandgap switches. Design 
methodologies have been documented for high-temperature capaci-
tors, power buses, protection, sensing, digital control, etc. New breeds 
of gate drivers, sensors, active filters, and passive filters have been 
demonstrated in a wide range of products, from power adapters 
to power electronic building blocks. Significant improvement in 
power density, efficiency, and signal integrity are expected thanks to 
the adoption of the technological advances. HDI tasks are scoped to 
advance wide bandgap systems, magnetic components, and module 
integration.

This current scope of work includes  
the following topics:

Wide Bandgap Systems
• Reliability study of failure mechanisms of GaN and SiC 

MOSFETs.
• High-voltage high-temperature gallium oxide diode.
• Characterization of wide bandgap semiconductor 

switches up to highest voltage and temperature.
• Short circuit protection design for paralleled GaN 

module high-density laptop adaptor.
• High-frequency, low loss soft-switched converters.
• Insulation coordination study for high-voltage  

high-power density converter design.
• Wireless charging.

Magnetic Components
• Swinging and coupled inductors with heterogeneous 

magnetic cores.
• Magnetic structures with high energy density.
• Over-molding of encapsulating magnetics.
• Low profile magnetic substrate.
• Weakly coupled coils with low stray field for  

wireless power.
• Integration of and field interaction in common-mode 

and differential-mode filters.
• Integrated multi-phase inductor for voltage regulator 

for small portables.
• PCB-integrated magnetics for high-efficiency,  

high-density front-end power supply.
• Characterization of high-power inductors  

and materials.
• High-frequency magnetic integration.

Module Integration
• Large-area substrate-to-substrate bonding by silver 

sintering.
• Reliability evaluation of module interconnect.
• Current sensor integrated with SiC MOSFET module.
• High-voltage SiC module packaging.
• Integration of magnetic dice into power module.
• Electromagnetic interference (EMI).

High Density Integration (HDI)
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PARTICIPANTS January 2019 – January 2020

Delta Electronics
Ford Motor Company
GE Global Research / GE Aviation
General Motors Company
Groupe SAFRAN
Huawei / Futurewei Technologies Co. Ltd.
Hyundai Mobis
Komatsu Ltd.
Lockheed Martin Corporation
Moog, Inc.
Nissan Motor Co. Ltd.
Texas Instruments
United Technologies Research Center
VisIC Technologies

FACULTY
Dushan Boroyevich
Rolando Burgos
Christina DiMarino
Dong Dong
Mona Ghassemi
Fred C. Lee
Qiang Li
Guo-Quan Lu
Khai Ngo
Yuhao Zhang

RESEARCH FACULTY
Igor Cvetkovic
Jun Wang

GRADUATE STUDENTS
Mohamed Ahmed
Chao Ding
Michael Emanuel
Junjie Feng
Rimon Gadelrab
Shan Gao

RESEARCH TEAMHDI MEMBERS

Nidhi Haryani
Joseph Kozak
Bo Li
Qian Li
Lanbing Liu
Shengchang Lu
Ahmed Salah Nabih
Keyao Sun
Maryam Tousi
Boyan Wang
Le Wang
Shuo Wang
Yue Xu
Lujie Zhang
Ruizhe Zhang
Tianyu Zhao

VISITING SCHOLARS
Cyril Buttay
Takashi Hirota
Toshihiro Kai
Sang Min Kim

WORK SCOPE

ABB Inc.
LG Electronics
UTRC

PowerAmerica
Office of Naval Research (ONR)
Advanced Research Project Agency – Energy 

(ARPA-E)
Department of Energy (DOE)

LEVERAGED WITH GIFTS FROM:

LEVERAGED WITH GOVERNMENT 
FUNDING FROM:

• Wide bandgap devices.

• Material and component characterization.

• active module integration.

• High-frequency magnetic integration.

• Converter integration.

• Wide power range (10 W – 100 kW).

• High frequency (100 kHz – 10 MHz).

• High temperature ≥ 250° C.
Dynamic Rds_on Measurement. 
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Since its inception in 2011, this CPES mini-consortium program 
has provided a unique, open and collaborative forum for the 
power industry to explore, jointly with CPES researchers, new 

and emerging power conversion technologies to meet what are the 
ever-increasing energy demands of our modern society: WBG-HPCS 
looks at everything from power semiconductors, to gate drivers, to 
converters, all the way to the impact that they have on electrical 
power systems.

As a mini-consortium, WBG-HPCS allows CPES to pool various 
resources seeking to develop the above pre-competitive technol-
ogy. CPES is then able to address common industry challenges, and 
effectively share research results among its members. The program 
is strongly leveraged by CPES’s vast expertise in WBG-based power 
conversion and its in-depth knowledge of electronic power systems, 
which it has accrued over the past 30 years working closely with 
the transportation and IT industries. As a result, the WBG-HPCS 
mini-consortium has expanded its research scope decisively into 
high-power medium-voltage applications for grid, industrial, and 
transportation applications.

CPES has continued to support research activities within the 
WBG-HPCS mini-consortium by securing funding—at the basic 
research level—from several government agencies. The most promi-
nent ones include the Office of Naval Research (ONR), the U.S. 
Department of Energy (DOE), DARPA, and ARPA-E. These agen-
cies have been instrumental in developing key enabling technology 
presently used in WBG-based high power electronics applications, 
and as such represent ideal partners for CPES. Their collaboration 
over the past years has generated invaluable synergy within CPES 
aiding in the pursuit of the mini-consortium goals. From a funding 
standpoint, CPES has been able to effectively quadruple the research 
activity in this area thanks to their support, ultimately quadrupling 
too the results and technological advancement that are shared with 
its members.

The WBG-HPCS present research thrusts  
are the following:

High-Power WBG-Based Power Converters
• High-frequency control of modular multilevel convert-

ers in ac-dc and dc-dc mode.
• Design of SiC-based modular multilevel converters 

with 1.7 kV, 3.3 kV, and 10 kV devices (package, gate- 
drive, PEBB, converter, system).

WBG-Based Power Electronics Technology
• Characterization of MV SiC and LV GaN devices.
• Development of EMI containment and suppression 

strategies for power converters, modular converters, 
and electronic systems.

• Formulation of electric-field constrained design  
methodologies for medium-voltage components 
subject to high-frequency excitation and fast dv/dt 
transients.

• Development of enhanced gate drivers, auxiliary power 
supplies and sensors for harsh dv/dt and EMI  
environments with advanced control capabilities.

• Development of PCB-based medium-voltage ac and  
dc capacitor arrays for ultra high power density  
applications.

Renewable Energy Integration
• Design of high-efficiency SiC-based grid-tied inverters 

for commercial PV applications.
• Design of high-efficiency GaN-based grid-tied invert-

ers for residential PV applications.
• Static and dynamic impact of PV inverters in MV distri-

bution systems.

Stability and Dynamic Interactions in Power  
Converter Systems

• Analysis of dynamic interactions between multiple 
STATCOM operating in proximity in HV transmission 
systems.

• Stability assessment and interactions of utility-scale 
PV inverters in medium-voltage distribution systems.

• Stability analysis in three-phase unbalanced systems 
and single-phase distribution systems.

• Grid-forming control schemes for grid-tied inverters.
• SiC-based impedance measurement unit (IMU) for ac 

and dc LV and MV distributions systems.

Wide Bandgap High Power Converters  
& Systems (WBG-HPCS)
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Triple active bridge hardware setup.

ABB Inc.
Delta Electronics
EnerSys
GE Grid Solutions
Huawei / Futurewei Technologies Co. Ltd. 
Rockwell Automation
Siemens Corporate Technology
TMEIC Corporation

ABB Inc.
Dominion Energy
United Technologies Research Center

FACULTY
Dushan Boroyevich
Rolando Burgos
Dong Dong
Fred C. Lee
Qiang Li

RESEARCH FACULTY
Igor Cvetkovic
Jun Wang
Bo Wen

GRADUATE STUDENTS
Nidhi Haryani
Yi-Hsun (Eric) Hsieh
Zhengrong Huang
Jiewen Hu 
Zheqing Li
Qing Lin

RESEARCH TEAMWBG-HPCS MEMBERS

LEVERAGED WITH GIFTS FROM:

Xiang Lin 
Slavko Mocevic
Tam Nguyen
Sungjae Ohn
Lakshmi Ravi
Yu Rong
Rebecca Rye
Joshua Stewart
Keyao Sun
Ye Tang
Jianghui Yu

VISITING SCHOLAR
Boran Fan
Takahide Tanaka
Sizhan Zhou

Advanced Research Project  
Agency – Energy (ARPA-E)

Office of Naval Research (ONR)
PowerAmerica Institute
Department of Energy (DOE)

LEVERAGED WITH GOVERNMENT 
FUNDING FROM:

WORK SCOPE
• High-power WBG-based power converters.

• WBG-based power electronics technology.

• Stability and dynamic interactions in  
a power converter systems.

• Renewable energy integration.

PARTICIPANTS January 2019 – January 2020
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In its effort to develop power processing 
systems to take  electricity to the next 
step, CPES has cultivated research exper-
tise encompassing six technology areas: 

 1) Power conversion technologies and architectures.  
 2) Power electronics components. 
 3) Modeling and control. 
 4) EMI and power quality. 
 5) High density integration.  
 6) High-power high-voltage converters.

These technology areas target  
applications that include:  

 1) Power management for information and  
communications technology; 

 2) Point-of-load conversion for power supplies; 
 3) Vehicular power converter systems; and 
 4) Sustainable and distributed electronic  

energy systems.

In 2019, CPES sponsored research totaled  
approximately $3.5 million. The following  
abstracts provide a quick insight to the  
current research efforts.

RESEARCH
APPLICATION AREAS

TECHNOLOGY AREAS

Power Management for Computers,  
Telecommunications & Others

Power Conversion  
Topologies & Architectures

Point-of-Load Conversion

Power Electronics 
Components

Vehicular Power  
Converter Systems

Modeling  
& Control

High-Power  
Conversion Systems 

EMI  
& Power Quality

High Density  
Integration

High-Power High-Voltage 
Converters
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ABB Fellowship
This fellowship program has been estab-
lished to investigate the high-power han-
dling capability of gallium nitride (GaN) 
power semiconductors (650 V, 25 mΩ), 
for which a 10 kW test bed was developed. 
Specifically, an LLC-type resonant converter 
with variable switching frequency (200–
500 kHz) and rated at 500 V dc has been 
successfully demonstrated. In prior years 
CPES explored the design of high-current 
half-bridge PCB-based modules with mul-
tiple GaN enhancement mode high electron 
mobility transistors (e-HEMT) in parallel, 
demonstrating a 650 V, 200 A capability. In 
2020 the fellowship explored the possibility of 
developing a packaging solution for the latest 
generation of 10 mΩ GaN 650 V dies from 
GaN Systems. A ceramic substrate module 
with PCB interposer was then developed 
and used to demonstrate the operation of 
single and half-bridge modules. A parallel 
effort explored the impact of the dynamic 
Rdson effect that impairs the performance 
of GaN lateral devices, and increases the 
effective on-state resistance of the devices 
under switching (continuous) operation. 
CPES effectively quantified the increase in 
resistance under varying junction tempera-
ture conditions, and under direct and reverse 
conduction mode. It started too the last step 
of this investigation seeking to quantify the 
resistance increase under continuous opera-
tion, which ultimately is the effect that will 
deviate the operation of the power converter 
from the original design conducted.

Dominion Energy Fellowship
This fellowship program was originally 
established to investigate the dynamic inter-
actions that can arise when multiple static 
synchronous compensator (STATCOM) 
units operate in proximity to transmission 
systems (200–500 kV ac lines). The results 
obtained demonstrated a strong dependence 

SPONSORED RESEARCH

on the ac voltage and current controllers 
of the STATCOMs, which were shown to 
induce voltage oscillations with potentially 
damaging effects in the case proper pre-
cautions are not taken. A CPES-developed 
impedance measurement unit (IMU) was 
used to validate all theoretical findings using 
two STATCOM prototypes and a synchro-
nous machine to emulate the power grid.

Extending the findings on the STAT-
COMs, the fellowship continued exploring 
the impact that utility-scale photovoltaic 
(PV) inverters have in medium-voltage 
(MV) distribution grids; especially in the 
case that these units are complying with the 
new voltage and frequency compensation 
requirements of the IEEE Std 1547. The 
results obtained showed the severe impact 
on dynamic interactions and stability that the 
various control modes dictated in this stan-
dard can have, specifically showing how the 
preferred control scheme from a static stand-
point, is the most challenging from a dynamic 
standpoint. This phenomenon was shown to 
effectively limit the amount of active power 
that can be generated when operating in these 
control modes. Similar effects were observed 
when operating multiple PV inverters within 
an MV distribution grid, were again the same 
IEEE 1547 compliant control schemes were 
shown to easily induce interactions among 
the inverter units. 

In 2020 the fellowship work concen-
trated on exploring the stability in unbalanced 
MV grids, where a new stability assessment 
theory and approach were developed and 
validated experimentally. This new approach 
is based on the use of multiple synchronous 
d-q frames attached to the individual phases 
in a system, allowing for expanded imped-
ances to be defined in order to create a ficti-
tious quiescent operating point. The latter 
can then be readily used to conduct stability 
analysis using conventional multivariable 
linear control theory, overcoming a limita-

tion of the conventional impedance-based 
stability assessment approach and a techni-
cal and theoretical challenge that CPES had 
pursued for more than 15 years.

United Technologies Research Center 
Fellowship
This fellowship program was established to 
develop multi-objective design optimization 
methodologies for power electronics convert-
ers, taking into consideration parametric and 
model-form uncertainties. The design tech-
niques developed have built on CPES’s pre-
vious efforts designing high-power density 
and extreme efficiency power converters. 
The quantification of these uncertainties has 
been essential to achieve a robust optimum 
design accounting for the errors introduced 
naturally by parametric tolerances and by the 
inherent accuracy of the numerous electro-
magnetic and mechanical models used in the 
optimization process. Results obtained on a 
three-phase Vienna-type rectifier have been 
successfully used to validate the theoretical 
findings.

In its second phase the fellowship 
sponsored by UTRC sought to evaluate and 
explore the possibility of developing 1.2 kV 
SiC MOSFET power modules for aerospace 
applications operating in ambient tempera-
ture conditions of up to 250° C. In 2019 CPES 
investigated several encapsulant materials 
and opted to evaluate alternative glass formu-
lations seeking to use it as module encapsu-
lant up to temperatures of 300° C. Some of the 
key results obtained indicated the persistent 
cracking of the encapsulant and its interface 
with the ceramic substrate that degraded its 
insulation rating leading to an increasingly 
reduced partial discharge inception voltage. 
A parallel effort investigated the capability 
of SiC MOSFET to operate at temperatures 
of up to 300° C. These semiconductors were 
characterized statically and dynamically effec-
tively showing a good performance; however 
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high temperature reverse bias and gate-bias 
reliability tests showed that these devices 
could not operate at 250° C beyond 100 hours. 
New materials and semiconductors devices 
may hence be required to operate at high 
temperatures reaching 300° C. 

Career Award - Accelerated Insulation 
Aging Due to Fast, Repetitive Voltage 
Pulses from Wide-Bandgap Power 
Electronics
Sponsor: National Science Foundation
March 1, 2020 – February 28, 2025
This research endeavor aims to study the 
accelerated insulation aging in power system 
components such as rotating machines, trans-
formers, cables and cable terminations, etc. 
under WBG-based voltages. Moreover, high-
frequency thermal-electromagnetic transient 
models for the mentioned components will 
be developed to determine overvoltages, 
electrical stress, and thermal stress under 
WBG-based voltages pluses. 

Surge Energy Robustness of GaN  
Power Devices and Modules:  
Application-Driven Evaluation and 
Physics-of-Failure Modeling
Sponsor: Department of Energy through 
PowerAmerica Institute
February 1, 2020 – December 30, 2020
A key challenge for the market insertion of 
GaN power devices has been their reliability 
and robustness. The qualification of GaN 
transistors cannot solely rely on established 
reliability procedures (e.g. JEDEC) but must 
take into consideration the device withstand 
capability of abnormal events out of SOA 
(safe operating area) conditions. An essential 
withstand capability for power devices is the 
ruggedness to safely dissipate surge energy in 
unclamped inductive switching (UIS) condi-
tions. This surge-energy withstand capability 
is desired in many power electronics applica-
tions, including aerospace, vehicle electrifica-
tion, grids, etc. 

The surge energy withstand capabil-
ity of Si and SiC MOSFET relies on their 
intrinsic avalanche breakdown, an impact-
ionization phenomenon to dissipate energy. 
As a result, historically, the surge-energy 
withstand capability is referred as avalanche 
ruggedness. However, the surge-energy 
withstand capability and mechanism of GaN 
high-electron-mobility-transistor (HEMT) 

remains  unclear, mainly because the GaN 
HEMT is a new power device that has no 
avalanche breakdown and has fundamentally 
different device physics and structures com-
pared to MOSFETs. 

This project aims to answer the fol-
lowing questions which are still unclear but 
indispensable for the system-level application 
of GaN power transistors, through a com-
bination of experimental characterization, 
failure analysis and physics-based modeling.

1) How GaN HEMTs physically withstand 
or dissipate surge energy and what are 
their withstand capability? How does 
this withstand capability differ for dif-
ferent commercial device technologies, 
e.g. GaN cascodes, p-GaN gate HEMTs 
and direct-drive HEMTs?

2) What are the degradation and failure 
mechanisms of these GaN HEMTs 
under repetitive surge-energy events, 
particularly based on application-spe-
cific mission profiles?

3) What is the surge-energy withstand 
capability and failure mechanisms of 
GaN modules which include multiple 
GaN devices in parallel?

Prototyping and Evaluation of  
High-Speed 10 kV SiC MOSFET Power 
Modules with High Scalability and 
System-Integration Solutions
Sponsor: Department of Energy through 
PowerAmerica Institute
December 1, 2019 – September 30, 2020 
Wide-bandgap (WBG) power devices with 
voltage ratings exceeding 10 kV have the 
potential to revolutionize medium- and 
high-voltage systems due to their high-
speed switching and lower on-state losses. 
However, present power module packages 
are limiting the performance of these unique 
switches.  A high-density package for 10 kV 
silicon carbide (SiC) power MOSFETs has 
been proposed that achieves low and balanced 
parasitic inductances, resulting in a record 
switching speed of 250 V/ns with negligible 
ringing and voltage overshoot. The objec-
tive of this work is to evaluate the scalability, 
system integration, and reliability of the 
proposed 10 kV SiC power module. Power 
modules with multiple 10 kV die in parallel 
will be prototyped and tested to evaluate the 
current scalability of the proposed design. A 
compact system interfacing solution between 

the module and the gate driver and bus bar 
that enables high-density, 10 kV-SiC-based 
power converters will be prototyped and 
undergo partial discharge testing. accelerated 
testing will be employed to understand the 
failure mechanisms of the proposed 10 kV 
power module. Understanding these failure 
mechanisms will enable improved designs for 
use in high-reliability applications.

High Frequency 3-Phase Inverter 
Sponsor: CSR Zhuzhou Institute Co., Ltd.
November 25, 2019 – November 24, 2021
The objective of this project is to develop a 
high frequency isolated three-phase inverter 
module with wide input voltage range. A 
two-stage solution will be used to provide 
isolation and accommodate wide input voltage 
range. Soft switching technic and integrated 
magnetic solution will be used to improve the 
efficiency and power density for the proposed 
system. The targeted power level and effi-
ciency are 20-30 kW and 95-97%. 

Ultra-Efficient Intelligent MVDC  
Hybrid Circuit Breaker
Sponsor: Department of Energy, Sub-Awardee 
of Eaton Corporation
October 1, 2019 – September 30, 2020
Dc power provides numerous benefits at  
low (< 1 kV), medium (1–100 kV), and high  
(> 100 kV) voltage levels. Both low voltage dc 
(LVdc) and high voltage dc (HVdc) markets 
are maturing. MVdc markets, comparatively, 
are still in the early phases of development. 
Currently, MVdc is primarily used in rail, 
with voltages up to 3 kV; however, MVdc 
benefits extend to a variety of potential 
markets, including distribution networks 
(e.g., conversion of existing ac lines to dc), 
distributed energy resources (DERs), and 
integrated renewable energy. One of the 
main difficulties preventing the growth of 
dc markets is a lack of reliable hardware 
protection against faults (e.g., short circuit 
and overload faults). Circuit breakers, current 
limiters, and fault detection mechanisms are 
essential to grid resiliency in a number of 
ways: sectioning the grid during a fault; pre-
venting damage to wiring, power electronics, 
and other important assets; and restoring 
power to the grid after a fault is cleared. 

In this program, CPES will work with 
Eaton Corporation, Illinois Institute of 
Technology together to develop an ultra-
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fast ultra-efficient intelligent MVdc hybrid 
circuit breaker. The main objective of the 
program is to achieve 6 kV dc operating 
voltage, 200 A rated current, < 500 µs active 
interruption time, and > 99.99% and < 0.064 
m3. The technology to be developed in the 
program is ultra-fast vacuum switch, novel 
transient commutation current injector, and 
MV electronic interrupter, as well as system 
integration and intelligent switching opera-
tion. 

20-kV GaN Switch Technology 
Demonstrated in High-Efficiency 
Medium-Voltage Power Module
Sponsor: Department of Energy 
September 1, 2019 – May 31, 2020
The goal is to develop GaN switches that 
reduce switch loss several times below and 
pushes the voltage-speed envelope several 
times above those of silicon carbide. Substa-
tions are currently the proving ground for 
wide-bandgap semiconductors. The GaN 
switches will be crucial to the realization of 
solid-state transformers and circuit breakers, 
which favor wide-bandgap devices with loss 
below 0.5% of output power. Their sub-
microseconds speed will enable solid-state 
apparatus to process power in the 10–100 
kHz range rather than 60 Hz. Every tenfold 
increase in frequency has been shown to 
reduce weight by more than fivefold. The 
end deliverable is a 20 kV Power Module of 
4 times 4 GaN diodes. 

Innovations and impacts include:
1) Technologies that increase epitaxial 

thickness to 4 times state-of-the-art 
(SoA), reduce net donor doping 4 times 
below SoA, reduce carbon contamina-
tion to 2/3 of the Si donor concentra-
tion, and reduce interface trap density 
at the Al2O3/GaN interface 10 times 
below SoA to ruggedize the MOS gate/
channel. 

2) Field-dependent encapsulant that 
reduces electric field 40 times below 
SoA. 

3) Thermally stable, reliable package with 
slew rate 2 times SoA.

Ultrawide-Bandgap Electronics for High-
Temperature Energy Applications
Sponsor: Southeastern Center for Electrical 
Engineering Education
July 1, 2019 – June 30, 2020
The global high-temperature electronics 
market is projected to reach $15 billion 
by 2023. A critical problem of today’s 
high-temperature systems is the need of  
expensive, complicated and bulky cooling 
systems to protect silicon-based electron-
ics. Due to the limited physical properties 
of Si, Si-based electronics cannot survive 
high temperatures over 150° C. Expensive, 
complicated and bulky cooling systems are 
therefore needed to protect Si electronics in 
these high-temperature applications. These 
systems introduce additional overhead that 
not only negatively offset the electronics’ 
performance, but also greatly increase the 
system cost, size and complexity.

The goal of this project is to develop 
next-generation electronics that can directly 
operate in extreme high-temperature envi-
ronments (over 300° C), through the use 
of emerging ultra-wide-bandgap (UWBG) 
semiconductor, gallium oxide (Ga2O3), which 
have significantly superior thermal stabil-
ity compared to silicon. With an ultrawide 
bandgap of 4.8 eV, the intrinsic carrier 
density in Ga2O3 is significantly lower than 
that in Si, SiC, and GaN, allowing Ga2O3 to 
maintain effective doping up to very high 
temperatures. Before the availability of sin-
gle-crystalline Ga2O3 wafers, polycrystalline 
Ga2O3 has long been used for making high-
temperature gas sensors with an operating 
temperature up to 1,000° C. In addition, ther-
mally stable Schottky barrier contacts have 
been recently demonstrated for Ga2O3 devices 
with an operating temperature up to 500° C.

100 kW SiC-Based Generator Rectifier 
Unit for Variable Frequency Airborne 
Applications
Sponsor: Department of Energy through 
PowerAmerica Institute 
July 1, 2019 – June 30, 2020
CPES, in partnership with Raytheon and 
GE Aviation, proposed to develop a full 
SiC-based generator rectifier unit (GRU) 
rated at 100 kW and 600 V dc, designed to 
operate from a 200 V rms line-to-neutral, 
and 400–900 Hz VFG. The GRU targets a 

peak efficiency of 99%, and a power density of 
120 W/in3 (without accounting for electro-
magnetic interference (EMI) filters), and will 
seek to displace a Si-IGBT based GRU rated 
at 85 kW, 600 V dc, with a 20 kHz switching 
frequency, and featuring a peak efficiency of 
97% and a power density of 80 W/in3. The 
GRU will use SiC MOSFET devices from 
GE Aviation rated for 200° C junction tem-
perature operation, and packaged using GE’s 
power-overlay technology. It will be liquid-
cooled, operating at nominal power with a 
coolant temperature of 50° C, and de-rated 
to 50% with a coolant temperature of 75° C. 
Its switching frequency will be equivalent to 
70 kHz or higher, allowing for a 3.5-times 
higher output voltage regulation bandwidth 
compared to the state-of-the-art unit. This 
increase in switching frequency will allow 
too for the reduction in the number of dc bus 
capacitors needed, further improving power 
density. A key design challenge is the 50,000 
ft altitude requirement that will affect both 
the insulation design of the inverter unit and 
its ancillary systems as well as the cooling 
systems due to the thin air constraints.

High Efficiency Multiport Power 
Conversion for an All-Electric 
Transportation Refrigeration Unit
Sponsor: Department of Energy through 
PowerAmerica Institute
July 1, 2019 – June 30, 2020
Partnered with UTRC, CPES proposes to 
develop a high power-density (>100 W/
in3) and high-efficiency (> 98.8%) 20 kW 
bi-directional onboard dc-dc isolated con-
verter for battery charging and bus-interface 
applications using SiC and GaN power semi-
conductors, rated for 18 kW. The operating 
frequency is 500 kHz in order to minimize  
the isolation transformer. The project will 
adopt a new circuit topology using partial 
power processing to reduce the total device 
kVA rating and improve the efficiency. The 
solution adopted in the project will also 
provide a fast and precise current and voltage 
regulation for pulse power applications. 

The proposed solution is considered as the 
advanced technology insertion for next-gen-
eration battery charger and bus-tie converter/
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breaker system for future hybrid electric pro-
pulsion system. The CLLC-type bi-directional 
resonant converter will be adopted to achieve 
zero voltage switching (ZVS) throughout the 
complete operating range.

High Power Density, High Efficiency, and 
Wide Range GaN-Based 48V-1V, 300A 
Single-Stage Converter 
Sponsor: Department of Energy through 
PowerAmerica Institute, Sub-Awardee of ABB
July 1, 2019 – June 30, 2020
The objective of this project is to demon-
strate an efficient GaN-based single-stage 
48 V to processor point of load (POL) con-
verter that occupies less than half the board 
space occupied by equivalent solutions today. 
The expected outcome of the project is a 
technical demonstrator that operates over 
wide input (40-60 V) and output (1.5-2.0 V) 
voltage ranges as well as meets VR13 tran-
sient response specifications. The targeted 
efficiency and power density are 95% and 
1000 W/in3.

Highly Sensitive Coupled Optical and 
Ultra-High-Frequency Electrical System 
for Partial Discharge Detection
Sponsor: Office of Naval Research, Defense 
University Research Instrumentation Program 
(DURIP)
June 15, 2019 – June 14, 2020
The aim of this project is to develop a highly 
sensitive, coupled and correlated, optical and 
ultra-high-frequency (UHF) electrical system 
that can locate and quantify partial discharges 
(PD) under ac 60 Hz, as well as fast rise time, 
high-frequency, square wave voltages.

Ultra-High-Density 48v-to-1v  
Non-Isolated DC-DC Module
Sponsor: FSP-Powerland
April 1, 2019 – December 31, 2020
In this project, an integrated magnetic struc-
ture and fast load transient control for a 
two-stage 48 V/1 V converter was studied. 
The proposed system has potential to reach 
> 300A output current with > 1000W/in3 

power density.

Heterogeneous Integration Technologies 
for High-Temperature, High-Density, 
Low-Profile Power Modules of Wide 
Bandgap Devices in Electric Drive 
Applications
Sponsor: Department of Energy through Oak 
Ridge National Laboratory
April 1, 2019 – March 31, 2020
This project is part of a new DOE Vehicle 
Technology Office's University Consor-
tium for automotive electric drive systems. 
The goal of the Virginia Tech's project is to 
develop integration and packaging technolo-
gies for making high-temperature, high-den-
sity, and low-profile wide-bandgap (WBG) 
power modules. The main objectives are 1) 
develop designs and fabrication processes for 
making 3D, both-side cooled WBG power 
modules with low parasitic inductances, high 
heat flux density, and working junction tem-
perature > 200̊ C and 2) design and fabricate 
> 200̊ C gate drivers with integrated current 
sensor and protection for the high-tempera-
ture WBG modules.

High-Efficiency High-Density DC/DC  
Converter for Battery Charger 
Applications
Sponsor: Panasonic Automotive Systems 
Company of America
February 12, 2019 – February 11, 2020
This project focus on a high frequency high 
density dc/dc converter that can be used for 
fast charger system. The proposed system 
can operate bi-directionally and achieve soft-
switching with proper control. The switching 
frequency of the proposed system is over 500 
kHz to help reduce converter size and weight. 
With the help of high-frequency operation, 
the transformers and inductors can be inte-
grated together and build with PCB winding. 
Therefore, the proposed dc/dc converter will 
have not only very high density, but also very 
suitable for manufacture automation.

Development of the iPEBB 1000, a 1.7 kV 
SiC MOSFET-Based Integrated Power 
Electronics Building Block
Sponsor: Florida State University
January 1, 2019 – December 31, 2020
The power processing capabilities of 1.7 kV 
silicon carbide (SiC) high-current devices 
have been successfully demonstrated under 
the Office of Naval Research (ONR) SiC-

PEBB program and the Electric Ship Research 
and Development Consortium (ESRdc). 
Embodied by the PEBB 1000 developed at 
the Center for Power Electronics Systems 
(CPES), Virginia Tech, this unit rated at 
100 kW, 1 kV and 100 kHz, demonstrated 
a power density of 5 kW/l and has become 
an extremely valuable source of information 
regarding the design and operation of SiC-
based power converters and systems. Propel-
ling this concept for its adoption in future 
Navy ships, this project proposes to develop 
a fully integrated PEBB module designed for 
automated manufacturing, namely iPEBB 
1000, featuring an ac-dc-dc circuit topology 
with high-frequency galvanic isolation for 
maximum power flexibility, and a 5 times 
higher power density (> 25 kW/l) attained by 
adopting an integrated metal substrate as host 
platform to all SiC dies and electromagnetic 
components, using embedded gate-drivers 
and sensors, having a multilayer structure 
integrating the cooling system baseplate, the 
electromagnetic interference (EMI) shield, 
and multi-turn planar windings for all mag-
netic components. Further, the iPEBB 1000 
will be designed with fully controlled inter-
nal electric fields, achieving a 0 V enclosure 
potential, which will enhance its operational 
safety by allowing the direct handling and 
servicing of the unit. 

Development of a P-HIL System Emulator 
for Aerospace Electrical Systems
Sponsor: Egston Power Electronics GmbH
December 1, 2018 – November 30, 2019
EGSTON has approached the Center for 
Power Electronics Systems (CPES) at 
Virginia Tech to express its interest in 
developing a system simulation platform 
for aerospace electrical systems using the 
EGSTON COMPISO System Unit (CSU) 
CSU200-6AMP P-HIL that is currently in 
the CPES laboratory at the Virginia Tech 
Arlington campus. The goal set forth was 
to implement the components and system 
models of a number of test scenarios that 
have been previously defined by EGSTON 
in collaboration with the aerospace industry, 
seeking to demonstrate the capabilities of the 
CSU to perform power hardware-in-the-
loop (P-HIL) simulations in these environ-
ments. In addition, this project also set out to 
assess and demonstrate the CSU capability to 
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simulate, in P-HIL mode, electrical machines 
driven by power electronics inverters. To this 
end a low-voltage Rockwell Automation unit 
was used to drive an induction motor, and 
a second inverter unit to drive the Egston 
COMPISO System Unit emulating the induc-
tion machine, achieving excellent results. 
Additional transient tests will be conducted 
in early 2020 prior to concluding this project.

SiC Based High Voltage Bi-Directional 
On-Board Charger with Integrated PCB 
Winding Magnetic Components
Sponsor: Department of Energy through 
PowerAmerica Institute
March 1, 2019 – February 28, 2020
The foundation for high efficiency electric 
vehicles (EVs) architectures is high voltage. 
By increasing the battery voltage, the charg-
ing/discharging current can be reduced even 
when the same amount of power is delivered. 
In addition, the incorporation of high voltage 
makes system wiring less complex and lighter 
and in effect lowers the vehicle’s overall 
size and weight. Nowadays, most of the on-
board chargers (OBC) for electric vehicles 
(EVs) on the markets are based on 250-450 
V battery with 3.3 kW or 6.6 kW charg-
ing capability. They are still using Si device 
operating at very low switching frequency, 
which results in a relatively low efficiency 
(~94%) and low power density (~0.6kW/L). 
In this project, we will develop a SiC based 
11kW bi-directional on-board charger with 
550-850 V output voltage to achieve 95-96% 
efficiency and 3.5 kW/L power density. With 
the help of high frequency operation, induc-
tors in the ac/dc stage will be integrated and 
implemented with PCB winding, so are the 
transformers and inductors for dc/dc stage.

Soft-Switched Series-Capacitor Buck 
Converter (SCBC) for 48V-54V Power 
Delivery
Sponsor: Texas Instruments Incorporated
November 1, 2018 – October 31, 2019
The fellowship program is established to 
support research in power delivery for  
data centers. As current requirement exceeds 
200 A, the 12 V architecture for power deliv-
ery incurs excessive loss. A voltage regulator 

module with 48 V bus voltage is introduced 
as a candidate to achieve high efficiency and 
high power density for datacenter applica-
tions. A soft-switched Series Capacitor Buck 
Converter (SCBC) is proposed for a two-
stage architecture for 48– 1 V power delivery 
with high efficiency, high power density and 
low noise. Compared with series capacitor 
buck converter (SCB), it achieves soft-switch 
with a wide and variable gain range. The 
solution is evaluated as the front end of the 
two-stage solution.

High-Efficiency, Medium-Voltage-
Input, Solid-State-Transformer-Based 
400-kW/1000-V/400-A Extreme Fast 
Charger for Electric Vehicles
Sponsor: Department of Energy, Sub-Awardee 
of Delta Products Corporation
July 20, 2018 – November 30, 2021
CPES is working with Delta Products Corpo-
ration, General Motors, DTE Energy, Next 
Energy, Michigan State Energy Office, City 
of Detroit Sustainability office to deliver a 
novel, efficient, compact, and scalable SST 
based 400-kW XFC. The proposed system 
will also provide a user-friendly dc inter-
face to renewable energy generation systems 
(e.g. PV) and Energy Storage Systems (ESS), 
resulting in less disturbance to the existing 
grid. It is the enabling technology for large-
scale XFC deployment. It will also accelerate 
the EV market penetration and promote 
renewable energy usage.

The proposed 400-kW/1000-V/400-A 
Extreme Fast Charger (XFC) consists of two 
main function blocks: a Solid-State Trans-
former (SST) and a Charger Converter. The 
SST takes a 13.2-kV ac medium-voltage (line-
to-line) and converts into a 1-kV intermedi-
ate dc bus voltage. The Charger Converter 
converts the 1-kV dc bus into the controllable 
dc-output voltage to charge an EV. The 1-kV 
intermediate dc bus is designed to interface 
with external renewable energy generation 
system (e.g. PV) and Energy Storage System 
(ESS) for load shaving and minimizing the 
demand charge. The bulky line frequency 
transformer (LFT) is eliminated in the pro-
posed SST based XFC system.

Direct-to-Line Central Inverter for 
Utility-Scale PV Plants Using 10 kV SiC 
MOSFET Devices
Sponsor: Department of Energy through 
PowerAmerica Institute
July 1, 2018 – June 30, 2019 
This project proposed to develop a direct-to-
line central inverter block for photovoltaic 
(PV) applications using 10 kV silicon carbide 
(SiC) MOSFET devices, rated at 200 kW, 11 
kV ac, 16 kV dc, and a ±0.8 power factor. 
Targeting a California Energy Commission 
(CEC) efficiency of 99%, and a specific power 
of 5 kW/kg, the proposed project sought to 
minimize the system complexity by adopting 
the simplest three-phase topology to realize 
the inverter. To this end, a two-level and 
a three-level active neutral-point-clamped 
(A-NPC) inverter were considered, evaluat-
ing them in terms of efficiency, common-
mode (CM) and differential-mode (DM) 
electromagnetic interference (EMI) emis-
sions, specific power, leakage current, and 
fault handling capability, were finally the 
two-level option was selected. To attain the 
medium-voltage rating, two series-connected 
MOSFET devices were used to construct the 
converter, in what is an equivalent 20 kV 
SiC "switch" enabled by the use of a CPES-
developed active gate-driver. This unit uses 
closed-loop control to regulate the timing 
of the gating signals in order to ensure the 
perfect balance and voltage sharing of the 
SiC MOSFETs and body-diode at the turn-off 
instant. The proposed PV inverter also pio-
neered the use of PCB-based medium voltage 
ac and dc capacitor arrays to realize the 11 kV 
ac-filter capacitors and the 16 kV dc bus of 
the unit. Formulating an electric-field con-
strained design methodologies, these PCB-
based capacitors achieved an unparalleled 
performance allowing for partial-discharge-
free operation. The PV inverter prototype 
was successfully tested under nominal condi-
tions demonstrating the advanced capabilities 
attained with the proposed technology.
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Medium Voltage AC to Low Voltage DC 
Power Conversion for Data Center
Sponsor: Department of Energy through 
PowerAmerica Institute
July 1, 2018 – June 30, 2019
Due to the increasing use of cloud comput-
ing and bag data, the power consumption of 
data center alone will reach 10% of the total 
electrical power consumption in the world by 
2020. The conventional ac data center power 
architecture has too many stages, which cause 
excessive power loss in power distribution. 
Furthermore, in current ac data center power 
architectures, a line frequency transformer is 
employed to step down medium voltage ac to 
480 V ac and distribute 480 V ac throughout 
the facilities. With ever increasing power 
consumption of mega data centers, presently, 
the 480 V ac lines carry thousands of amperes 
of current. This leads to very bulky and costly 
transmission bus and large conduction losses 
within the data center. 

In this work, we developed a SiC and 
GaN based high frequency rectifier to directly 
step down 4.8 kV ac to 380 V dc. The 380V 
dc bus is distributed directly to server cabi-
nets. Inside server cabinet, the 380V dc is 
further stepped down to 48 V dc by a GaN 
based high frequency converter. The 48 V 
dc will be used as distribution bus inside 
server cabinet. The proposed system will 
not only eliminate the use of a bulky 60 
Hz transformer, but also eliminates several 
series connected power stages in current data 
center architecture to greatly reduce power 
conversion loss. Furthermore, the 4.8 kV ac 
instead of 480 V ac can be used as distribution 
bus within data center. By doing so, copper 
usage (an increasingly more expensive com-
modity) will be reduced by 90%. At the same 
time, distribution related conduction loss 
will also be reduced by a factor of 10. Totally, 
the proposed system can save more than 
15 percent of the energy consumption in the 
data centers. Also, by eliminating the bulky 
60Hz transformer, the proposed architecture 
is easily scalable. 

The proposed MV ac to 380 V dc rec-
tifier has cascade H-bridge with high fre-
quency isolated dc/dc converters. The inputs 
of H-bridges are in series and the outputs of 
the dc/dc stages are connected in parallel. 
The proposed 380 V to 48 V GaN converter 
is operated at MHz range with soft-switching. 
Both transformers and inductors of this con-

verter are integrated and built with PCB 
winding to enable automatic manufacturing. 
It has > 97% efficiency and 470 W/in3 power 
density.

Development of an Integrated Power 
Supply with PCB-Embedded Transformer 
for SiC Gate-Driving Applications
Sponsor: LG Electronics
June 4, 2018 – December 31, 2019
LG Electronics approached CPES to develop 
a dual-output 10 W gate-driver power supply 
for wide-bandgap- (WBG) based three-phase 
inverters for automotive applications capable 
of operating at ambient temperatures from 
-40°–125° C. To this end, CPES proposed 
to develop a high-power density, high-effi-
ciency power supply with PCB-embedded 
high-frequency transformer, using GaN 
power devices operating at 1 MHz, featur-
ing a minimized input-output capacitance 
targeting less than 3 pF. The latter is essen-
tial to operate in WBG converter environ-
ments and effectively block the conduction 
of common-mode EMI currents to ground 
that are generated by the fast dv/dt switching 
transients. The power supply was designed, 
built and tested demonstrating its advanced 
capabilities, supplying its dual 24 V outputs 
from varying input voltage (7–28 V) while 
operating at 125° C ambient conditions and 
achieving a power density of 53.2 W/in3, 
an efficiency of 90%, and an input-output 
capacitance of 9 pF.

Small Motionless Antenna with 
Reconfigurable Transmission
Sponsor: National Science Foundation
May 15, 2018 – December 31, 2019
Search and detection in the wake of a hur-
ricane has been hindered by the absence of 
a compact means for underwater commu-
nication. The Very-Low Frequency (VLF) 
band between 1 and 30 kHz can be utilized 
for transmission of electromagnetic wave 
in this and other challenging environments. 
The transmitter is usually large and heavy 
owing to the long VLF wavelength. The 
Small Motionless Antenna with Reconfigu-
rable Transmission is envisioned to be a 
portable transmitter emitting rotating/pul-
sating/swirling magnetic cloud. It relies on 
“variable material“ realized by current-driven 
saturable magnetism. It enables a new type 
of communication named “spin modulation 

(SM)” that complements the well-known 
frequency modulation (FM) and amplitude 
modulation (AM). The basic SMART cell 
is a loop comprising a permanent magnet, 
a yoke with relative permeability of 20, and 
a current-controlled flux “shutter.“ As the 
control current increases from zero, the shut-
ter’s relative permeability decreases from 
20 toward 2 to let more flux emit from the 
magnet. An array of basic cells and the associ-
ated control currents will generate spinning 
magnetic cloud. Simulation suggests that 100 
fT (femto-Teslas) at 1 kHz would be detected 
at 100 meters away from a demonstrative 
prototype using commercial materials with 
dimensions 150 x 95 x 30 mm3.

Power Conversion Through a Novel 
Current Source Matrix Converter 
(PCTMXC)
Sponsor: Advanced Research Projects 
Agency–Energy (ARPA-E), Sub-Awardee of 
United Technologies Research Center
May 14, 2018 – April 6, 2021
UTRC proposed a novel solution of a 
Matrix Converter (MxC), with voltage boost  
capability as a response to ARPA–E FOA 
SWITCHES program. The proposed solu-
tion enables operation above 86.6% of input 
voltage and thus overcomes limitations of 
traditional MxC. The proposed MxC operates 
in a Current Control Mode (CCM) in con-
trast to the traditional Voltage Control Mode 
(VCM). The concept is applicable to the 
broad range of systems where the source is 
an electrical generator. The proposed concept 
and topology utilizes the source inductance 
as a conversion storage element and pro-
duces a nearly sinusoidal output voltage with 
minimal distortion while requiring a minimal 
number of additional passive components. 
Only three capacitors are needed, and com-
pared with Si-based MxC, WBG enabled  
high frequency operation will further reduce 
the size of these capacitors. Additionally an 
innovative solution of bidirectional switch 
using only two MOSFETs to implement 
bidirectional switch with reduced conduc-
tion voltage drop to approximately 1 V was 
proposed. In the proposal the internal body 
diode as part of MOSFET conducts only for 
a short dead time interval. 

Novel use of current control, CCM of 
MxC, is a critical enabling technology of this 
project. The proposed control strategy is to 
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combine traditional with Optimal Model Pre-
dictive Control (OMPC). OMPC will opti-
mize performance of the converter including 
minimization of voltage and current errors 
for perfect tracking, minimized conductive 
EMI, minimized switching losses, and mini-
mized reactive power requirements from 
the generator. The net effect will be reduced 
losses and size.

Although the target applications of 
this proposal are aircraft power systems, 
the results are applicable to the traditional 
VCM-MxC that is well suited for broad range 
of industrial applications. Thus, the proposed 
program will facilitate wide penetration of 
MxC technology and WBG devices in the 
fields of energy generation, transportation 
and industrial applications. 

The development team has been led by 
United Technologies Research Center who 
are responsible for the development of the 
predictive control system, and by CPES who 
has been tasked to design, build and tests the 
prototype MxC with a 15 kW continuous and 
25 kW peak power rating.

Highly-Integrated Modular CM-DM 
Filters for Interleaved and Parallel SiC 
Converters
Sponsor: Siemens
May 1, 2018 – April 30, 2020
Siemens AG has approached the Center of 
Power Electronics Systems (CPES) at Vir-
ginia Tech with the purpose of developing 
new modular and scalable filters, namely filter 
building blocks (FBB), for common-mode 
(CM) and differential-mode (DM) electro-
magnetic interference (EMI) noise suppres-
sion in parallel converter systems. Key aspects 
of the desired modular filter solution are that 
it should allow the parallel operation of any 
number of filters, and that it should also block 
the circulation of current between the parallel 
converter units operating synchronously or 
in PWM interleaved mode. In addition, high 
power density and efficiency are also desired 
objectives. The target power rating for the 
modular filter is, according to Table I, 150, 
250, 500, 750 and 900 kVA, operating from 
400/690 V, 50 Hz ac networks, and with a 
720–1,200 V dc bus. 

The power converter units to be con-
nected in parallel, from common ac to dc 

buses, are three-level three-phase ac-dc volt-
age-source converters implemented with SiC 
1.2 kV MOSFET devices and hence operating 
in the 40–100 kHz range. The prototype units 
to be built, for testing and demonstration 
purposes, will use the same semiconductor 
devices but will be rated for 50 kW each 
instead. Also, a single digital control platform 
for PWM and controls purposes will be used 
to ensure the ease of implementation of the 
control system and the proper synchroniza-
tion between them. A total of three con-
verter units will be built to demonstrate the 
modular, scalable FBB structure developed.

In 2020 CPES successfully developed a 
modular FBB concept that effectively limits 
DM and CM harmonic components and 
suppresses the circulating current between 
the directly ac and dc paralleled converter 
building blocks. This novel filter solution 
is being evaluated now using three 20 kW 
3-level inverter prototypes developed for this 
purpose, which also seek to demonstrate the 
high power density and high efficiency attain-
able by the proposed FBB concept.

High-Power Density 10kV SiC-MOSFET-
Based Modular, Scalable Power 
Converters for Medium Voltage 
Applications
Sponsor: Advanced Research Projects 
Agency–Energy (ARPA-E)
February 26, 2018 – February 25, 2021
The nearly ideal material properties of silicon 
carbide (SiC) are transforming the design and 
manufacturing paradigm of power electron-
ics. Specifically, pervasive dv/dt and di/dt 
rates, augmented electromagnetic interfer-
ence (EMI) emissions, higher operating volt-
ages and switching frequencies, and junction 
temperatures greater than 200° C, have made 
apparent the need for the reformulation of 
design procedures developed for silicon (Si) 
based power electronics, as well as for the 
materials, packaging and integration, and 
manufacturing technologies used. More so, 
the adequacy of existent circuit topologies 
is under scrutiny now, as their Si-optimized 
operation may impede the exploitation of the 
capabilities offered by SiC.

The last point is of special interest in 
medium voltage (MV) and high voltage (HV) 
applications, where multilevel converters and 

modular multilevel converters (MMC) have 
been developed to overcome the limitations 
of Si in terms of breakdown voltage, switch-
ing frequency, and efficiency. Expectedly, the 
use of SiC in these Si-optimized converters 
would yield minor gains, for which simpler 
two-level topologies have been pursued so far 
for 10 kV SiC MOSFETs. The latter promise 
direct connection to 4,160 V ac busses and 
increased power density by switching at 
20–40 kHz, in what is a glimpse of the poten-
tial offered by SiC.

Addressing the above, this project 
proposd the development of modular power 
converters for MV applications optimized for 
SiC devices capable of achieving: 1) power 
density greater than 10 kW/l; 2) efficiency 
greater than 99%; 3) specific power greater 
than 10 kW/kg; 4) unrestricted current and 
voltage scaling; and 5) operation in both ac 
and dc power conversion modes. Such flex-
ibility can be attained by adopting an MMC-
type circuit, but using previously untapped 
topological states of this converter. Two 
unique circuit operating modes are unveiled 
in this way, one enabling the switching-cycle 
control of the power-cell voltages, which 
effectively eliminates their line-frequency 
dependence, and one that inverts their oper-
ating mode allowing for the direct power 
flow between the converter input and output 
terminals without having to transiently store 
energy in the power-cells. Both concepts have 
been extensively tested through simulations 
in applications of up to 120 power-cells, but 
have yet to be demonstrated experimentally. 
This constitutes the main objective of the 
project that targets the development of 5 
MW, 20 kV modular ac-dc and dc-dc power 
converters.

During 2020, CPES successfully dem-
onstrated two power-cells rated at 6 kV dc, 
84 A rms, switching at 10 kHz, operating 
in a circulating power scheme and process-
ing 250 kW at an exceedingly high 99.3% 
power conversion efficiency. The power-cell 
building-blocks in question also demon-
strated the effective use of PCB technology 
to realize 6 kV dc planar dc bus structures 
featuring partial-discharge-free operation 
at 6 kV. The program has also successfully 
demonstrated auxiliary power supplies with 
insulation ratings of up to 30 kV, and input-
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output capacitances in the 2–3 pF range, 
which are necessary to effective suppress 
the propagation of conducted EMI through 
the power-cells. The project has also made 
effective use of the electric-field constrained 
design methodologies developed within the 
project, and also in leveraging efforts funded 
by the Office of Naval Research (ONR) and 
the U.S. Department of Energy.

Development of the PEBB 6000 Using 
Gen3 10 kV, 240 A SiC MOSFET Modules in 
Full-Bridge Configuration
Sponsor: Office of Naval Research
December 1, 2017 – December 31, 2019
After many years of sustained support from 
the U.S. Department of Defense, especially 
the Office of Naval Research (ONR), a revo-
lutionary new silicon carbide (SiC) power 
semiconductor device was developed by 
Wolfspeed, currently under production in 10 
kV, 240 A SiC MOSFET half-bridge modules. 
As such, for the first time in history, a fully 
qualified, properly packaged, megawatt-scale 
semiconductor device capable of switch-
ing at frequencies above 20 kHz, with very 
high efficiency, is available. Coupled with 
new developments in modular multi-cell 
power converters, this device is expected to 
completely transform the world of medium 
voltage (MV) high-power electronics.

Under the sponsorship of ONR, CPES 
has developed and demonstrated the opera-
tion of the first SiC-based PEBB rated at 6 kV, 
utilizing the second generation 10 kV, 120 
A, SiC MOSFET half-bridge modules from 
Cree/Powerex/GE. More recently, CPES has 
also developed an advanced gate-driver for 
these modules with enhanced functionality 
and EMC capabilities. In addition, CPES has 
recently completed the initial development 
of the SiC-based PEBB 1000, based on 1.7 kV 
SiC power modules from Wolfspeed. Utiliz-
ing the knowledge from these three efforts, 
this project has sought to demonstrate for 
the first time a full-bridge, self-contained, 
SiC-based least replaceable unit (LRU) rated 
at 1 MW, 6 kV and 20 kHz. Dubbed the PEBB 
6000, this unit will feature a power density of 
10 MW/m3, 99% efficiency, zero conducted 
EMI emissions, a 30 kV partial discharge 
inception voltage, and a 0 V enclosure poten-

tial. The proposed program has been devoted 
to the development of two PEBB 6000 units 
over a time span of 48 months, formulating 
the high-power density design methodol-
ogy to achieve the set targets, evaluating its 
electrothermal performance, and assessing 
the impact of their operation in PEBB-based 
power converters and systems.

Development of Impedance 
Measurement Unit for 1 kV DC and 800 V 
AC Systems
Sponsor: Newport News Shipbuilding
August 31, 2017 – December 31, 2019
Newport News Shipbuilding (NNS) has 
approached CPES with the purpose of devel-
oping two medium-voltage (MV) impedance 
measurement units (IMU) for three-phase 
ac and dc electrical systems, for which NNS 
engineers would work jointly with the team 
at CPES to ensure an expedient technol-
ogy and knowledge transfer for the project. 
Phase I was executed seeking to develop a 
new IMU rated at 1 kV dc, 800 V ac, with an 
injection capacity of 200 kW and an imped-
ance measurement bandwidth spanning from 
10 Hz to 1 kHz. The main measurement 
and operating modes under consideration 
were shunt and series operation. The IMU 
topology selected was a module-based single-
phase configuration that CPES pioneered to 
develop for Office of Naval Research the first 
IMU capable of operating from medium-
voltage feeders using 10 kV SiC MOSFET 
devices. The project set out too to expand 
the stability theory and develop methods to 
assess stability in three-phase unbalanced 
networks, which was successfully achieved 
through this program after more of a decade 
of pursuing such development. In its second 
year of execution the IMU operation was 
successfully tested and demonstrated in both 
shunt and series injection modes operating 
from ac and dc grids. The IMU is expected 
to be delivered to the sponsor in early 2020.

Career Award: High Frequency 
Integrated Voltage Regulator to Support 
Dynamic Voltage and Frequency Scaling 
for Mobile Devices
Sponsor: National Science Foundation
February 15, 2017 – January 31, 2022
Voltage regulators have been widely used in 
computing systems to deliver power from 
energy sources such as batteries to micropro-
cessors. Today’s voltage regulator is usually 
constructed using discrete components and 
assembled on the motherboard. Discrete 
passive components such as inductors and 
capacitors are bulky and occupy a consider-
able footprint on the motherboard. Fur-
thermore, the power delivery path from the 
voltage regulators to the microprocessors is 
relatively long. Recently there has been great 
demand for a very high-frequency integrated 
voltage regulator that can be placed very close 
to the microprocessor to support dynamic 
voltage and frequency scaling, which is a 
very effective power consumption reduction 
technique for microprocessors. This enables 
the supply voltage to change dynamically 
according to the microprocessor workload 
(decreased workload leads to a lower supply 
voltage; and a lower supply voltage also leads 
to a lower clock frequency). As a result, both 
the dynamic and static power consumption 
of the microprocessor can be greatly reduced. 
However, the traditional discrete voltage 
regulators are not able to realize the full 
potential of dynamic voltage and frequency 
scaling since they are not able to modulate the 
supply voltage fast enough, due to the high 
parasitic interconnect impedance between 
the voltage regulators and the microproces-
sors. This project focuses on developing a 
20–50 MHz, three-dimensional integrated 
voltage regulator for mobile devices, such 
as the smartphone. The proposed research 
will have a significant impact on power 
management solutions for smartphones as 
well as other mobile applications. It will 
help make the integrated voltage regulator 
a feasible approach to significantly reduce 
mobile device power consumption, which 
will greatly extend battery life and reduce 
electricity consumption. Proposed education 
activities also include outreach to K-12 and 
underrepresented groups to increase the 
attractiveness of power electronics.
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Electric Ship Research and Development 
Consortium
Sponsor: Office of Naval Research,  
Sub-Awardee of Florida State University
August 1, 2016 – December 31, 2020
CPES will continue supporting (Office of 
Naval Research (ONR)’s mission by par-
ticipating as a member of the Electric Ship 
Research and Development Consortium 
(ESRdc), a multi-university consortium led by 
Florida State University. Within this frame-
work, CPES is working on the demonstration 
of PEBB 1000 (power electronics building 
block) based power converters and systems, 
for which it has developed an updated version 
of the PEBB 1000 unit built with 1.7 kV SiC 
MOSFET devices. It will continue working 
on the impedance measurement unit (IMU) 
previously developed for ONR using 10 kV 
SiC MOSFET devices and a multi- megawatt 
converter capable of operating from 4,160 V 
ac and 6,000 V dc networks, to measure the 
terminal impedances at interfaces of interest, 
with the purpose of assessing the stability 
conditions of the electrical system. The focus 
of this work will be to improve its electro-
magnetic compatibility (EMC), necessary to 
operate with the fast-switching 10 kV devices 
in place. Lastly, CPES will support the electric 
ship design, modeling, and simulation effort 
within ESRdc by integrating the modeling 
of power electronics systems, taking into 
consideration parametric and model-form 
uncertainties during the process, with which 
improved and optimum designs will become 
feasible using the PEBB models developed.

Highly Integrated Wide Bandgap  
Power Module for Next Generation  
Plug-In Vehicles
Sponsor: Department of Energy,  
Sub–Awardee of General Motors Corporation
March 1, 2016 – December 31, 2019
The main objective of the project is to 
research, develop, and demonstrate a 
highly integrated wide bandgap (WBG) 
power module targeting the next genera-
tion plug-in vehicles, optimized for General 
Motors (GM)’s traction inverter architec-
ture, meeting or exceeding U.S Department 
of Energy (DOE)’s specific power, power 
density, and cost targets of 14.1 kW/kg, 

13.4 kW/L, and 3.3 USD/kW, respectively. 
To this end, CPES conducted the static and 
dynamic characterization of silicon carbide 
(SiC) devices from numerous vendors, focus-
ing primarily on the 10 mΩ Gen 3 900 V SiC 
MOSFET from Wolfspeed and 10 mΩ 1.2 
kV SiC MOSFET from Monolith, evaluating 
the inherent performance of these devices to 
support the development of high-current 900 
V power modules.

Specifically, CPES conducted an exhaus-
tive short-circuit characterization that 
showed the significant withstand time that 
these devices have (4-5 µs). CPES has devel-
oped an enhanced gate-driver for the SiC 
power module using its advanced electro-
magnetic interference (EMI) suppression and 
sensing and protection technology. This new 
gate-driver uses integrated Rogowski current 
sensors to measure the current through 
the switches of half-bridge SiC MOSFET 
modules, reconstructing in its local field-
programmable gate array (FPGA), the phase 
current of the module to eliminate the need 
for external sensors. The switch-level mea-
surement is also used for short-circuit protec-
tion purposes, where CPES demonstrated the 
advantages of using current-based protection 
to replace traditional desaturation-detection 
based schemes developed for Si insulated gate 
bipolar transistor (IGBT) devices. During 
2020 CPES explored alternative circuitry to 
measure the on-state drain-to-source voltage 
of SiC MOSFET, adding this capability to the 
enhanced gate-driver previously developed 
in order to have a real-time measurement of  
the on-state resistance (Rdson) of the 
MOSFETs. This resistance value is then 
used to generate a real-time temperature 
measurement that can be used for diagnostic 
and prognostic purposes.

In support of the full-current module 
developed by GM, CPES evaluated several Ag 
pastes and preforms for large area sintering 
as well as alternative direct-bonded copper 
(DBC) and direct-bonded aluminum (DBA) 
ceramic substrates with Ag and Au coating, 
developing sintering profiles in order to 
attain a die shear strength in excess of 30 
MPa. Temperature cycling tests have been 
conducted as well to assess the reliability 
of the methods and materials in question, 

which so far have exceeded 2,000 cycles 
without exhibiting any degradation. Lastly, 
CPES also developed a 6.5 mΩ SiC MOSFET 
package in half-bridge configuration, rated 
at 1,200 V and 200 A, featuring ultra-low 
and symmetric parasitic inductances in the 
module power and gate loops, for which 
flexible printed circuit board (Flex-PCB) 
circuits were adopted. The power module 
was successfully built and tested to assess 
the current sharing capability of Gen3 SiC 
MOSFET devices from Wolfspeed, seeking 
to quantify and evaluate the thermal design 
of the fully-rated SiC module where 4–6 dies 
are typically paralleled.

Power Integration by  
Multifunctional Molding
Sponsor: National Science Foundation
August 1, 2015 – June 30, 2019
A process called “over-molding” was dem-
onstrated for fabricating/integrating the 
inductor in a power module. The winding 
was first attached to the substrate already 
carrying the semiconductor and capacitor 
chips. Magnetic paste was then injected into 
the unused space that is normally occupied 
by the encapsulant and is cured under atmo-
spheric pressure below 250° C to realize the 
core, achieving a permeability above 20.  A 
power converter with input of 12 V, output 
of 1.2 V at 5 A, and switching frequency of 
500 kHz was constructed to check the opera-
tion with a 1.1 µH over-molded inductor. 
The over-molded magnetic material did not 
adversely interfere with converter operation, 
e.g., switching noise was low. The maximum 
temperature of 48.3° C and full-load efficiency 
of 82% are similar to those of the same circuit 
using a discrete inductor. Effort is under way 
to replace the molding process by 3D printing 
to improve controllability and repeatability. 
A challenge is to keep the walls of tall struc-
tures from slumping. Another challenge is to 
print multiple layers of magnetic, conductive, 
and insulating materials, all of which should 
incur minimal loss at high frequency. Feed-
stocks are being developed along with control 
algorithms and settings for 3D printers of a 
commercial partner.
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Developing the Future of Wide Bandgap 
Power Electronics Engineering 
Workforce – Wide Bandgap Generation 
(WBGen) Fellowship Program
Sponsor: Department of Energy
January 1, 2015 – July 31, 2021
The goals of the Wide Bandgap Generation 
(WBGen) fellowship program sponsored by 
the U.S. Department of Energy (DOE) are:
• To train the next generation of U.S. citizen 

power engineers with wide bandgap 
(WBG) power semiconductor expertise 
aiding in fulfilling future workforce needs 
in this field.

• To broaden the range of WBG-based 
power electronics by conducting research 
and development on high-efficiency grid 
apparatus and high-efficiency electrical 
power systems.

• To enhance the power engineering cur-
riculum by formalizing WBG-oriented 
design procedures for power electronics 
components and systems that can effec-
tively integrate the inherent, challenging 
material characteristics of these devices, 
which have effectively rendered design 
procedures for silicon-based power elec-
tronics obsolete.

The WBGen fellowship funded six 
fellows during its first year, and 11 students 
during its second year. It is expected that over 

its 5-year tenure, the program will gradu-
ate 10 M.S. students and partially fund 6-8 
Ph.D. students. This will not only have an 
immense impact on the success of the WBG 
research programs at Virginia Tech, but will 
consequently have immeasurably positive 
effects on the power engineering workforce 
over the next 5 to 10 years. Furthermore, 
the DOE and U.S. Department of Defense 
(DOD) laboratory and industrial partner-
ship established in the traineeship will also 
benefit significantly from interaction with 
the participating graduate students, cement-
ing what are already strong relationships 
between the partners and CPES, and creating 
a solid network of  power engineering train-
ing, research, and development.

So far, 20 WBGen fellows have joined 
the program, five PhD and 15 MS students, 
establishing partnerships with ABB Inc., 
General Motors (GM), United Technologies 
Aerospace Systems (UTAS), United Tech-
nologies Research Center (UTRC), HRL 
Laboratories, the National Renewable Energy 
Laboratory (NREL), Oak Ridge National 
Laboratory (ORNL), Dominion Energy, Syn-
opsys, Otis, Lockheed Martin, Newport News 
Shipbuilding, Nissan, the Office of Naval 
Research (ONR), and VPT. 
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VTIP 17-015 
Variable DC Link Converter and Transformer 
for Wide Output Voltage Range Applications 
Bin Li, Zhengyang Liu, Fred C. Lee, 
Qiang Li 
US PATENT: 10,454,381 
Issued: October 22, 2019 

VTIP 16-007 
Modular Multilevel Converter Capacitor 
Voltage Ripple Reduction 
Yadong Lyu, Yi-Hsun Hsieh, Fred C. Lee, 
Qiang Li 
US PATENT: 10,404,064 
Issued: September 03, 2019 

VTIP 15-049 (expanded from 14-091)
Coupled Inductor for Interleaved Multi-
Phase Three-Level DC-DC Converters
Mingkai Mu, Sizhao Lu, Yang Jiao,  
Fred C. Lee
U.S. PATENT: 10,396,684
Issued: August 27, 2019

VTIP 18-048 
Soft-Switching Triangular Current Mode 
Control for Three Phase Two-Level 
Converters with Power Factor Control 
Nidhi Haryani, Rolando Burgos 
US PATENT: 10,381,921
Issued: August 13, 2019

INTELLECTUAL  
PROPERTY

U.S. Patents Awarded
VTIP 16-057 
Omnidirectional Wireless Power Transfer 
System 
Junjie Feng, Qiang Li, Fred C. Lee, 
Minfan Fu  
US PATENT: 10,333,353 
Issued: June 25, 2019 

VTIP 15-064 
Current Mode Control DC-DC Converter  
with Single Step Load Transient Response 
Virginia Li, Pei-Hsin Liu, Qiang Li,  
Fred C. Lee 
U.S. PATENT:  10,312,805 
Issued:  June 4, 2019 

VTIP 17-016 
Critical-Mode-Based Soft-Switching 
Techniques for Three-Phase Bi-Directional 
AC/DC Converters 
Zhengrong Huang, Zhengyang Liu, Fred 
C. Lee, Qiang Li, Furong Xiao  
U.S. PATENT:  10,291,109 
Issued:  May 14, 2019 

VTIP 15-053  
Optimal Battery Current Waveform for 
Bidirectional PHEV Battery Charger 
Lingxiao Xue, Paolo Mattavelli,  
Dushan Boroyevich 
U.S. PATENT:  10,250,053 
Issued:  April 2, 2019 
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VTIP 16-115 
Multiphase Coupled and Integrated 
Inductors with Printed Circuit Board (PBC) 
Windings for Power Factor Correction (PFC) 
Converters 
Yuchen Yang, Mingkai Mu, Fred C. Lee, 
Qiang Li 
U.S. PATENT: 10,217,559 
Issued: February 26, 2019 

VTIP 17-059
Method and Apparatus for Balancing Current 
and Power
Yincan Mao, Chi-Ming Wang, Khai Ngo
U.S. PATENT: 10,187,050
Issued: January 22, 2019

VTIP 20-027
9/16/2019
Control of Power Converters  
Having Integrated Capacitor  
Blocked Transistor Cells
Jianghui Yu, Rolando Burgos
Non-Provisional Application: In process

VTIP 20-026
9/16/2019
A Series-Series-CLC Resonant Converter 
Topology for Wireless Power Transfer
Keyao Sun, Jun Wang, Rolando Burgos, 
Dushan Boroyevich
Non-Provisional Application: In process

VTIP 20-023
9/4/2019
A High-Density Single-Turn Inductor for a 
6 kV SiC-Based Power Electronics Building 
Block
He Song, Jun Wang, Rolando Burgos, 
Dushan Boroyevich
Non-Provisional Application: In process

VTIP 19-134
5/10/2019
Low Impedance Multi-Conductor Layered 
Bus Structure with Shielding
Jun Wang, Rolando Burgos, Dushan 
Boroyevich, Joshua Stewart, Yue Xu
Provisional Application: 62/850,357
Filed: May 20, 2019

VTIP 19-133
5/10/2019
Hybrid-Current Mode Switching-Cycle 
Control for Modular Multilevel Converters
Jun Wang, Rolando Burgos, Dushan 
Boroyevich
Provisional Application: 62/850,330
Filed: May 20, 2019 

VTIP 19-117
5/2/2019
Magnetic integration of Matrix Transformer 
with High Controllable Leakage Inductance
Ahmed Nabih, Qiang Li, Fred C. Lee
Provisional Application: 62/842,089
Filed: May 2, 2019

All pending patent applications 
sponsored by IPPF, unless  
otherwise noted.

VTIP 19-116
4/10/2019
Efficient Wide Voltage Range Quasi-Parallel 
Voltage Regulator and Control Method
Mohamed Ahmed, Fred C. Lee, Qiang Li
Provisional Application: 62/842,082
Filed: May 2, 2019

VTIP 19-114
5/10/2019
High Electron Mobility Transistors with 
Charge Compensation
Yuhao Zhang
Provisional Application: 62/851,367
Filed: May 22, 2019

VTIP 19-022
9/18/2018
Three-Phase Interleaved Bi-Directional CLLC 
Resonant Converter
Hao Xue, Bin Li, Qiang Li, Fred C. Lee 
Utility Application: 16/289,322
Filed: February 28, 2019

VTIP 18-123
5/15/2018
Soft Switching ZVS Turn-on Triangular 
Current Mode (TCM) Control with Phase 
Synchronization and Reduced Common  
Mode Voltage (CMV) for Three-Phase  
Three-Level Converters
Nidhi Haryani, Sungjae Ohn, Rolando 
Burgos, Dushan Boroyevich 
Utility Application: 16/416,915
Filed: May 20, 2019

VTIP 18-113
4/20/2018
Switched-Capacitor Converters with  
Multi-Resonant Frequencies
Owen Jong, Qiang Li, Fred C. Lee 
Provisional Application: 62/662,963
Filed: April 1, 2019

VTIP 17-108 (Combined with 18-089)
5/2/2017
3-phase Interleaved LLC Converter  
with Integrated Magnetics
Chao Fei, Bin Li, Fred C. Lee, Qiang Li
Utility Application: 16/006,117 
Filed: June 12, 2018

Patents Pending
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VTIP 17-004 
7/11/2016 
Cooler with EMI-Limiting Inductor
Khai Ngo, Han Cui, Chi-Ming Wang
Utility Application: 15/622,802 
Filed: June 14, 2017 
[Patent application sponsored  
by TEMA]

VTIP 16-109
4/1/2016
Matrix Transformer and the  
Winding Structure
Chao Fei, Fred C. Lee, Qiang Li
Utility Application: 15/656,198
Filed: July 21, 2017

VTIP 16-022
9/15/2015
Non-Linear Droop Control
Fang Chen, Rolando Burgos,  
Dushan Boroyevich
Utility Application: 15/296,564 
Filed: October 18, 2016

VTIP 16-008
8/6/2015
Method and Apparatus for Driving  
a Power Device 
Jongwon Shin, Khai Ngo 
[Patent application sponsored  
by TEMA]

VTIP 15-067
1/26/2015
Inverse Charge Current Mode (IQCM)  
Control for Power Converter
Syed Bari, Fred C. Lee, Qiang Li
Utility Application: 15/089,744 
Filed: April 4, 2016

VTIP 14-075
1/6/2014
Compact Inductor Employing Redistributed 
Magnetic Flux 
Khai Ngo, Han Cui
Utility Application: 14/675,653 
Filed: March 31, 2015

Invention Disclosures
VTIP 20-034
10/11/2019
Small-Signal Stability Assessment of 
Unbalanced Three-Phase Electrical System 
Based on Single Phase D-Q Frame Impedance 
Measurement Method
Ye Tang, Rolando Burgos, Bo Wen, 
Dushan Boroyevich, Mohamed 
Belkhayat (NNS), Jacob Verhulst (NNS)

VTIP 20-015
8/19/2019
Gallium Oxide Vertical Schottky  
Barrier Diode
Yuhao Zhang, Kohei Sasaki

VTIP 19-115
5/2/2019
Wired-and-Inductive Charger for EV
Bo Li, Khai Ngo

VTIP 19-083
3/20/2019
Rogowski Coil Current Sensors for Inverter 
Module Switches Protection and Phase 
Current Reconstruction During CPWM and 
DPWM Schemes
Slavko Mocevic, Jun Wang, Rolando 
Burgos, Dushan Boroyevich, Marko 
Jaksic, Mehrdad Teimorzadeh, Brian 
Peaslee, Constantin Stancu

VTIP 18-089 (combined with 17-108)
2/23/2018
Three-Phase Interleaved LLC and CLLC 
Resonant Converter with Integrated 
Magnetics
Bin Li, Chao Fei, Fred C. Lee, Qiang Li, 
Hongfei Wu
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The Center headquarters are located 
at Virginia Tech, occupying office and 
lab facilities encompassing more than 
20,000 square feet of space in one 
building. Research space at CPES-VT 
includes an electrical research lab, 
an integrated packaging lab, and a 
computer lab. In addition to the head-
quarters labs and offices, a large con-
ference room with voice and video 
conferencing capabilities supporting 
remote site course instruction, as well 
as interaction among CPES collabora-
tors, is maintained. Interactive collabo-
ration is routinely facilitated through 
conference calls, GoToMeeting and 
Zoom online conferencing, student and 
faculty exchanges, and face-to-face 
research project review meetings.

Introduction

VIRGINIA TECH 
FACILITIES

The CPES lab in Northern Virginia repre-
sents a state-of-the-art power electronics 
laboratory well-suited to continue build-
ing upon the CPES worldwide recognized 
expertise in developing groundbreaking 
power electronics technology ranging 
from watts to megawatts of power. This 
lab opened for the spring semester of 2019, 
and is located on the fourth floor of the 
Virginia Tech Research Center in Arling-
ton, Virginia, occupying more than 1,800 
square feet of space. Equipped with the 
latest testing and measurement equipment 
capable of achieving several hundreds of 
kilowatts of power, it is run by two faculty 
and two research faculty, providing an 

National Capital Region Laboratory
environment for unparalleled hands-on 
experience for a dozen graduate students 
and visiting scholars.

This lab will continue to deliver high 
quality research in an unmatched col-
laborative atmosphere with enormous 
teamwork energy, creating a family-like 
environment quite natural for CPES. 
Furthermore, as a part of the VT Elec-
tronic Energy Systems Initiative, this new 
lab expands Virginia Tech’s presence in 
Northern Virginia, and in a joint effort 
with its main lab located in Blacksburg, 
stays dedicated to the improvement of 
electronic power processing that impacts 
systems of all sizes, from battery-operated 
to large distribution systems.
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Electrical Research Laboratory
The electrical research laboratory is equipped with 
state-of-the-art tools and equipment for development 
of power electronic circuits and systems of all sizes, 
from sub-volts, sub-watts to 6 kV, 1 MW. It also 
includes PWB manufacturing equipment, an EMI 
chamber, a clean room and a mechanical shop. A state-
of-the-art curve tracer is capable of characterizing up 
to 10 kV and 1,500 A. New this year is the addition of 
a 10kV probing station that will be integrated with the 
curve tracer. This will allow characterization of materi-
als at the die level. Each student bench is equipped with 
Dell computers with up to 32 GB of RAM for running 
complex simulations.

Standard instrumentation includes GHz oscillo-
scopes, multi-channel function generators, electronic 
loads, low- and high-voltage passive and differential 
probes, network, spectrum, impedance, logic, and 
power analyzers, thermal sensors, and ac-dc bench 
supplies of all sizes. Specialized test room equipment 
includes thermal imaging, a Hi-Pot tester, a 3D mag-
netic field scanner, an EMI/EMC analyzer, large and 
small dynamometers, automatic circuit board routing 
equipment, magnetic core loss testing, programmable 
and variable loads, and a liquid-cooled heat exchanger.
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Integrated Packaging Lab
The Integrated Packaging (IP) Lab supports all CPES 
students, faculty, visiting scholars, and sponsors for 
their advanced needs in power electronics packaging 
research. The lab was established to create and evaluate 
alternative approaches to the design and manufacture 
of Integrated Power Electronics Modules (IPEMs) and 
provide state-of-the-art electronic manufacturing and 
assembly equipment. The IP lab itself has installed a 
sealed ceiling and HEPA filtration to create over 1,600 
square feet of class 10,000 cleanroom space, as well as a 
dark room for photolithography processing. It has the 
capability to produce FR4, DBC, and thick film hybrid 
substrates, perform metallization using RF sputter-
ing thin film deposition and electro- and electro-less 
plating, and develop substrate patterns by virtue of 
laser ablation machining, chemical metal etching, and 
screen printing.

The IP lab also has the ability to mount bare dies 
and SMT components using a high precision pick-
n-place machine, a solder reflow belt furnace, and a 
convection reflow oven. The advanced vacuum solder 
reflow system provides another technical solution for 
die-attachment in a flux-less, void-less process.

 The wire bonding machines equipped in the IP 
lab provide interconnect options of heavy aluminum 
wire bonding, gold wire ball bonding, and aluminum/
gold ribbon bonding for manufacturing IPEMs. For 
accurate and controlled dispensing of adhesives and 
encapuslants, an automated precision dispensing 
system and a spin coater have been added in the lab. 
In addition, the IP lab has full capability for low tem-
perature co-fired ceramic (LTCC) processing from 
tape cutting, via drilling, screen printing, laminating, 
to co-firing. The components and module-level test 
and evaluation of electrical, thermal, and reliability 
performance for the assembled IPEMs are also avail-
able in the IP lab. Thermal performance evaluation 
can be made by the setup of thermo-couples, optic-
fiber sensors, IR imaging, and the thermal diffusivity 
test system. Reliability analysis is performed using 
multi-purpose bond tester on as-made modules and 
ones after certain numbers of temperature/humidity 
cycling. An array of cross- sectioning and grinding/
polishing equipment has been used to better under-
stand the microstructure of electronic packaging 
materials.
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High power, high voltage power conversion technolo-
gies are attracting increasing attention in academia as 
well as industry in response to a need for more emerg-
ing power electronics applications, including alterna-
tive energy and power conversion such as wind power 
generations, fuel cells, hybrid electric vehicles and 
all-electric ships. Enabled by a 2002 award of $839,337 
from the Defense University Research Instrumenta-
tion Program (DURIP) paired with CPES cost-sharing 
of more than $250,000 for renovations, the electrical 
research lab area at Virginia Tech has been renovated 
and upfitted to accommodate medium voltage, mega-
watts power capability. The facility has two medium 
voltage 1 MVA reconfigurable transformers, corre-
sponding reactors, capacitors, switchgears, and control-
lers. A 1 MW Innovation Series medium voltage IGBT 
drive donated by GE is installed as a programmable 
load. The complete set-up is capable of testing power 
converters in various active and reactive operation 
modes continuously at 1 MVA, 4,160 V level. The 
unique installation distinguishes Virginia Tech as one 
of a few universities in the nation with this capability 
and enhances its position as a leader in power electron-
ics research well beyond the NSF ERC life expectancy.

Library and Computer Lab
The computer lab supports all major software 
used in power electronics design, including SPICE, 
Saber, Simplis, PowerSim, Code Composer, Math 
products—Matlab and Mathcad, Ansys Products—
Workbench and Mechanical, Ansys Electromagnet-
ics—Maxwell, Electronics Desktop (Q3D, HFSS), 
Simplorer, SIWave, Mentor Graphics Flowtherm, 
PLECS, and Altium Designer.

High Power Lab
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Dushan Boroyevich
CPES Director
University Distinguished Professor
Associate Vice President for Research and 
Innovation in Energy Systems
Dushan Boroyevich was born in 1952 in Zagreb, 
Croatia, in what was then Yugoslavia. In the 
same country, he earned a Dipl. Ing. from the 
University of Belgrade in 1976, and an M.S. 

from the University of Novi Sad in 1982, both in electrical engineering. 
He obtained a Ph.D. in power electronics in 1986 from Virginia Tech. His 
research interests include multiphase power conversion, electronic power 
distribution systems, modeling and control, and multidisciplinary design 
optimization. As CPES Director, Boroyevich leads a program which 
encompasses research, technology development, educational outreach, 
industry collaboration, and technology transfer.

Christina DiMarino
Assistant Professor
Christina DiMarino is an assistant professor 
in the Bradley Department of Electrical and 
Computer Engineering at Virginia Tech. She 
has been the assistant director of the Center for 
Power Electronics Systems (CPES) since 2017. 
She received her M.S. and Ph.D. in electrical 
engineering from Virginia Tech in 2014 and 

2018, respectively. She was a Webber Fellow from 2012 to 2015, and a 
Rolls-Royce Graduate Fellow from 2016 to 2017.

Her research interests include power electronics, electronics packag-
ing, high density integration, wide-bandgap power semiconductors, high 
voltage, and high temperature.

Tenure-Track Faculty

Rolando Burgos
Professor
Dr. Burgos received the B.S. on Electron-
ics Engineering, the Electronics Engineering 
Professional Degree, and the M.S. and Ph.D. 
degrees in Electrical Engineering from the 
University of Concepción, Chile, in 1995, 
1997, 1999, and 2002 respectively. In 2002 he 
joined CPES as Postdoctoral Fellow, becoming 

Research Scientist in 2003 and Research Assistant Professor in 2005. 
In 2009 he joined ABB Corporate Research in Raleigh, NC, where he 
was Scientist (2009–2010), and Principal Scientist (2010–2012). In 2010 
he was appointed Adjunct Associate Professor in the Electrical and 
Computer Engineering Department at North Carolina State University 
at the Future Renewable Electric Energy Delivery and Management 
(FREEDM) Systems Center. In 2012 he returned to Virginia Tech as 
associate professor, earning an early-decision tenure in 2017, and being 
promoted to professor in 2020. His research interests include high power 
density wide-bandgap semiconductor-based power conversion, packag-
ing and integration, electromagnetic interference (EMI) and electromag-
netic compatibility (EMC), multi-phase multi-level power converters, 
modeling and control, grid power electronics systems, and the stability 
of ac and dc power grids.
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Dong Dong
Assistant Professor
Dong Dong received a Bachelor of Science 
in 2007 from Tsinghua University in China 
and a Ph.D. in 2012 from Virginia Tech. 
Before joining CPES in 2018, he worked 
with GE's global research center for over 
five years on various power electronics 
and power system-related technologies. 

His research interests include high-frequency high-power conver-
sion, application of wide bandgap-based power electronics, power 
conversion systems for renewable energy systems, electric grids, and 
transportation applications.

Guo-Quan Lu
Professor  
(Affiliate Faculty)
Guo-Quan Lu received a double-major B.S. 
in physics and materials science and engi-
neering from Carnegie Mellon University 
in 1984, and a Ph.D. in applied physics 
from Harvard University in 1990. He then 
worked at Alcoa Technical Center for two 

years before joining Virginia Tech. Since 2003, Lu has been a profes-
sor in both the MSE and ECE departments. Lu's research activities 
and interests include packaging materials and assembly process 
development for interconnect, insulation, and magnetics of power 
electronics modules and converters.

Mona Ghassemi
Assistant Professor
Mona Ghassemi received her M.S. and Ph.D. 
from the University of Tehran in 2007 and 
2012, respectively. She was a postdoctoral 
fellow at NSERC/Hydro-Quebec/UQac 
from 2013 to 2015, and at the Electrical 
Insulation Research Center (EIRC) of the 
Institute of Materials Science (IMS) at the 

University of Connecticut from 2015 to 2017. Her research interests 
include dielectrics and electrical insulation materials and systems con-
taining those in power electronics modules and systems, high-voltage 
technology, multiphysics modeling, plasma science, electromagnetic 
transients in power systems, and power system modeling.

Khai Ngo
Professor
Khai Ngo received his B.S. from California 
State Polytechnic University, Pomona, in 
1979, and his M.S. and Ph.D. from the Cali-
fornia Institute of Technology, Pasadena, in 
1980 and 1984, respectively, all in electrical 
and electronics engineering. At CPES, he 
pursues technologies for integration and 

packaging of power passive and active components to realize build-
ing blocks for power electronic systems. He also coordinates CPES's 
outreach activities and the Consortium for High-Density Integration

Qiang Li
Associate Professor 
Qiang Li received his B.S. in 2003 and 
M.S. in 2006 from Zhejiang University. 
Then in 2011 he received his Ph.D. from 
Virginia Tech. He started at Virginia Tech 
as a Research Assistant Professor in 2011 
and was promoted to Assistant Profes-
sor in 2012. His research interests include 

high-density electronics packaging and integration, high-frequency 
magnetic components, high-frequency power conversion, distributed 
power systems, and renewable energy.

Yuhao Zhang
Assistant Professor
Yuhao Zhang studied physics at Peking 
University in China, where he received a 
B.S. in 2011.  He went on to study electrical 
engineering at Massachusetts Institute of 
Technology in the United States, earning 
his M.S. in 2013 and his Ph.D. in 2017.  
His research interest is at the intersection 

of power electronics, micro/nano-electronic devices and advanced 
semiconductor materials, and the  energy applications for data 
centers, electric vehicles, photovoltaics, and mobile applications, as 
well as the energy-related applications in extremely harsh environ-
ments.

73CPES ANNUAL REPORT 2020



Research Faculty

Igor Cvetkovic
Technical Director

Jun Wang
Research Assistant 
Professor

Sungjae Ohn
Research Associate

Bo Wen
Research Faculty

David Gilham
Lab Operations Director

Fred C. Lee
Director Emeritus

Trish Rose
Procurement Officer

Yan Sun
Accounting  
& Fiscal Associate

Neil Croy
Lab Operations 
Associate

Na Ren
Business Director

Dennis Grove 
Industry Program 
Director

Matthew Scanland
Webmaster & Digital 
Content Specialist

Audriana Cunningham
Executive Assistant

Staff
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Adrien Arsuffi
Visiting Engineer
Safran Ventilation Systems

Li Cheng
Graduate Student 
Chongqing University

Arthur Boutry
Ph.D Student
INSA Lyon

Boran Fan
Ph.D Student
Tsinghua University

Chen Chen
Ph.D Student
National Taiwan University

Darlan Fernandes
Research Scholar
Federal University of 
Paraiba

Ching-Hsiang  
“Steven“ Cheng
Research Scholar
Natl Taiwan University

Emilie Feick
Visiting Engineer
Newport News 
Shipbuilding

Cyril Buttay
Professor
INSA Lyon

Guoen Cao
Professor
Institute of Electrical 
Engineering, Chinese 
academy of Sciences 
(IEECAS)

Visiting Scholars

Shaoliang An
Associate Professor
Xi'an University of 
Techology

Nayara Brandao de 
Freitas
Ph.D Student
Federal University of 
Campina Grande-UFCG

Shenyang Chen
Student Intern
Xi'an Jiaotong University

Shih-Ming “Orion“ Chen
Post Doc
Lite-On Technology

Louelson Costa
Ph.D Student 
Federal University of 
Campina Grande-UFCG
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Hans Hoffmann Sathler
Short Term Scholar
IRT Saint Exupery

Mark Hoffman
Visiting Engineer
Newport News 
Shipbuilding

Qilin Peng
Student Intern
Harbin Institute of 
Technology

Takahide Tanaka
Visiting Engineer
Fuji Electric Co., Ltd.

Ryo Kajitani
Research Scholar
Panasonic Corporation

Sang Min Kim
Visiting Engineer
Hyundai Mobis

Takashi Hirota
Visiting Engineer
Komatsu

Jingcun Liu
Research Scholar
Xi'an Jiaotong University

Takayuki Ikari
Research Scholar
Nissan Motor Inc.

Takeya Okuno
Visiting Engineer
Panasonic

Toshihiro Kai
Visiting Engineer
Nissan Motor Co. Ltd.

Kyle Maynard
Visiting Engineer
Newport News 
Shipbuilding

Phu Hieu Pham
Post Doc
National Taiwan University

Fei Li
Ph.D Student
Xi'an Jiaotong University

Hanyu Liu
Student Intern
Tsinghua University
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Jiayu Xu
Student Intern
North China Electric Power 
University

Ming Xiao
Post Doc
Xidian University

Sizhan Zhou
Post Doc
Xi'an Jiaotong University

Zhichang Yuan
Professor
Tsinghua University

David Vrtachnik
Research Scholar
Newport News 
Shipbuilding

Chuanyun Wang
Visiting Engineer
Powerland Technology Inc.

Chongxing Zhang
Ph.D Student
Xi'an University of 
Techology
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Graduate Students

Victoria Baker Mark Cairnie Yuliang Cao Chien-An Chen Xingyu Chen

Chao Ding Ibrahim Eshera Junjie Feng Rimon Gadelrab Md Abdul Gaffar

Jacob Gersh Yu Guo Yugal Gupta Jiewen Hu Zhengrong Huang

Yi-Hsun Hsieh Feng Jin Owen Jong Matthew Kallicharran Daniel Kellett
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Daniel Knapp Joseph Kozak Bo Li Qian Li Virginia Li

Zheqing Li Qing Lin Xiang Lin Jian Liu Lanbing Liu

Xin Lou Shengchang Lu Yunwei Ma Vladimir Mitrovic Slavko Mocevic

Ahmed Nabih David Nam Minh Ngo Tam Nguyen John Noon
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Ripunjoy Phukan Pranav Raj Prakash Narayanan Rajagopal Lakshmi Ravi Moein Razavi

Yu Rong Rebecca Rye Gibong Son He Song Qihao Song

Joshua Stewart Keyao Sun Ye Tang Maryam Tousi Cong Tu

Boyan Wang Le Wang Shuo Wang Yue Xu Hao Xue
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Ning Yan Jianghui Yu

Tianyu Zhao

Tianlong Yuan Lujie Zhang Ruizhe Zhang

Chunyang Zhao Xingchen Zhao Feiyang Zhu

Undergraduate Students

Benjamin Alden Mina ShawkyShan Gao Yizhi Ruan
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Graduates

Mohamed Ahmed
Texas Instruments

Yinsong Cai
Texas Instruments

Alex Freeman
Dominion Energy

Lee Gill
Sandia National Lab

Nidhi Haryani
Amazon

Owen Jong
Analog Devices

Tam Nguyen
Virginia Tech

Sungjae Ohn
Virginia Tech

Emma Raszmann
National Renewable  
Energy Lab

Chris Salvo
Lockheed Martin

Grace Watt
ActionFlow
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Anant Agarwal
Ohio State 
University

John Kassakian
Massachusetts Institute  
of Technology

Robert Steigerwald
GE Global Research 
(retired)

Johan Enslin
Clemson University

Scientific Advisory Board (SAB)

Advisory Boards

Industry Advisory Board (IAB)
Cory Arnold Maxim Integrated Products

Bahaa Hafez
Mercedes-Benz R&D North  
America, Inc.

Heath Kouns Moog, Inc.

Alex Yang Murata Manufacturing Co., Ltd.

Gene Sheridan Navitas Semiconductor

Dinesh Ramanathan NexGen Power Systems

Yasuaki Hayami Nissan Motor Co., Ltd.

Zhenxia Shao NR Electric, Ltd.

Kevin Kemp NXP Semiconductors

Jeffrey Pearse ON Semiconductor

Robert Galli Panasonic Corporation

Sriram Chandrasekaran Raytheon

Thomas Plum Robert Bosch GmbH

Richard Lukaszewski Rockwell Automation

Anurag Jivanani Schneider Electric IT Corporation

Arturo Pizano Siemens Corporate Technology

Issac Chen Silergy Corporation

Rengang (Roger) Chen Texas Instruments

Thomas Tainer TMEIC Corporation

Kazuto Takao Toshiba Corporation

Peter Losee United Silicon Carbide, Inc.

Zak Sorchini United Technologies Research Center

Jain Li Vertiv

Tamara Baksht VisIC Technologies

Jianping Zhou ZTE Corporation

Yu Du ABB, Inc.

Henry Zhang Analog Devices, Inc.

Mahmood Alwash Aurora Flight Sciences

Catherine Huang CRRC Zhuzhou Institute Co., Ltd.

Peter Barbosa  
(IAB Co-Chair) Delta Electronics

Ke Wang East China Research Institute of Microelectronics

Hongrae Kim Eaton

Rui Zhou EnerSys

Peter Xu Flextronics

Chingchi Chen Ford Motor Company

Ming Xu FSP-Powerland Technology, Inc.

Hao Huang GE Aviation

Satish Prabhakaran GE Global Research

Richard Zhang  
(IAB Co-Chair) GE Grid Solutions

Sang Min Kim Hyundai Mobis

Eric Persson Infineon

David Zhou Innoscience (Zhuhai) Technology

Gary Hua Inventronics (Hangzhou), Inc.

Qiuyan Huang
Jiangsu Wanbang Dehe New  
Energy Technology Co. Ltd.

Ivan Jadric Johnson Controls, Inc.

Takashi Hirota Komatsu Ltd.

Hongsun Park LG Electronics

Sam Ye LITE-ON Technology

Thomas Byrd Lockheed Martin Corporation
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Our dear friend and colleague, Milan M. Jovanović, 
passed away on October 9, 2018. He joined VPEC 
in 1983 as a Ph.D. student, became a VPEC research 
scientist upon graduation in 1988, and joined Delta 
Electronics, Inc. in 1991, where he last held the posi-
tion of Senior Vice President for R&D. Milan was a 
member of the U.S. National Academy of Engineering, 
and the most cited industry-affiliated power electronics 
researcher in the world.

Milan’s colleagues, Laszlo Huber, Yungtaek Jan, 
and Yuri Panov, reviewed his top 100 cited publications 
and categorized them based on the power supplies’ 
architectures, topologies, and modes of operation. 
“Review of Milan M. Jovanović’s Work and Impact on 
the Power Electronics Industry” can be found on the 
IEEE website.

85

His primary area of interest was the development 
and performance optimization of power electronics tech-
nologies for modern server, telecom, and portable data-
processing equipment, as well as for on-board electric 
vehicle applications. Power conversion techniques devel-
oped by research teams led by Milan have been employed 
in hundreds of millions of power supplies made by Delta 
Electronics and other manufacturers, enabling further 
miniaturization of electronics equipment and resulting 
in enormous cumulative energy savings and electronic-
material waste reduction.

Milan has been a genuine friend who was kind and 
generous with his time, an encouraging colleague who 
inspired with his wise words and special sense of humor, 
an insightful IAB Member and Co-Chair who supported 
CPES tirelessly and whole-heartedly, and an outstanding 
alumnus of whom CPES is immensely proud.

Milan M. Jovanović
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National & International Honors
Dushan Boroyevich—Appointed Pao Yue-Kong Chair 
Professor, Zhejiang University, Hangzhou China

Dushan Boroyevich—Steering Committee Member  
and Co-Chair of Plenary Keynote III Session and of 
Control of Grid-Tied Converters I Session, IEEE PEDG 
2019, Xi’an, China

Dushan Boroyevich—Panelist on Future of Control 
and Communication Session and Chair of Wrap-Up 
Summary Session, IEEE FEPPCON X Workshop,  
Tromsø, Norway

Dushan Boroyevich—Member of International 
academic Committee of State Key Laboratory of 
Electrical Insulation and Power Equipment, Xi'an 
Jiaotong University, Xi’an, China

Dushan Boroyevich—Co-Chair of the Milan M. 
Jovanović Memorial Session, IEEE ECCE 2019,  
Baltimore, MD

Dushan Boroyevich—Organizing Committee Member 
and Co-Chair of Future Power Grid Session, IEEE eGrid 
2019, Xiamen, China

Rolando Burgos—Promoted to Professor, 2019

Rolando Burgos—Chair, Technical Committee on 
Power and Control Core Technologies: IEEE Power 
Electronics Society, 2019

Rolando Burgos—AdcOM Member, IEEE Power 
Electronics Society, 2019

Rolando Burgos—Invited Session Chair and Organizer 
on “Future of Control and Communication,” IEEE Power 
Electronics Society Long-Range Planning Conference—
Future of Electronic Power Processing and Conversion 
(FEPPCON), June 2019

Rolando Burgos—Reviewer, U.S. Department of Energy, 
Office of Electricity, Transformer Resilience and Advanced 
Components (TRac) Program, August 2019

Rolando Burgos—Technical Committee Member, IEEE 
Electric Ship Technologies Symposium (ESTS), 2019

Rolando Burgos—Technical Committee Member, IEEE 
International Workshop on Integrated Power Packaging 
(IWIPP), 2019

Mona Ghassemi—AFOSR Young Investigator Program 
(YIP) Award, “Characterization, Multiphysics Modeling, 
and Mitigation of Insulation Material Degradation and 
Breakdown”

Mona Ghassemi—NSF CAREER Award, “Accelerated 
Insulation Aging Due to Fast, Repetitive Voltage Pulses 
from Wide-Bandgap Power Electronics“

Fred C. Lee—2020 Albert Nelson Marquis Lifetime 
Achievement Award
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Qiang Li—Steering Committee Chair, IEEE International 
Future Energy Challenge (IFEC), July 2019

Qiang Li—Track Chair, IEEE Applied Power Electronics 
Conference (APEC), November 2019

Qiang Li—Tutorial Co-Chair, IEEE Energy Conversion 
Congress and Exposition (ECCE), September 2019

Keynote Addresses
Dushan Boroyevich—“Electronic Energy Systems 
Building Blocks,“ ICPE - ECCE Asia, Busan, Korea, May 28, 
2019

Dushan Boroyevich—“Future Electronic Energy 
Systems,“ Lockheed Martin, Arlington, Virginia, 
September 10, 2019

Dushan Boroyevich—“Future Electronic Energy 
Systems,“ GE Symposium, Niskayuna, New York, 
September 18, 2019

Dushan Boroyevich—“Power Converters for Future 
Electronic Energy Systems,“ IFEEC, Singapore, 
November 27, 2019

Fred C. Lee—“Next Generation of EV Charger,“ World 
Conference on Smart Energy for New Energy Vehicle 
(NEV), Changzhou, China, March 30, 2019

Fred C. Lee—“Next Generation of Power Supplies,“ 
PCIM, Nuremberg, Germany, May 7-9, 2019

Fred C. Lee—“Magnetic Integration and EMI 
Mitigation,“ IEEE ICEMC, Harbin, China, August 11-14, 2019

Fred C. Lee—“Evolution of Power Electronics 
Technologies and Applications,“ IEEE CPERE, Aswan, 
Egypt, October 23-25, 2019

Fred C. Lee—“Next Generation of Data Center Power 
Architecture—Opportunities and Challenges,“ CPSSC, 
Shenzhen, China, November 1-4, 2019

Fred C. Lee—“Power Electronics Packaging and 
Integration,“ Power Electronics Forum, Huazhong 
University of Science & Technology, Wuhan, China, 
November 9, 2019

Guo-Quan Lu—“Materials Research Opportunities 
for Power Electronics Integration,“ 2nd International 
Conference on Material Science & Nanotechnology 
(IMSNC-2020), London, UK, July 15-17, 2019

Invited Talks
Dushan Boroyevich—“Future Electronic Energy 
Systems,“ Third Plenary Meeting of International 
academic Committee State Key Laboratory of Electrical 
Insulation and Power Equipment, Xian, China,  
October 16, 2019

Dushan Boroyevich—“Future Electronic Energy 
Systems,“ UTD Distinguished Lecture, Dallas, Texas, 
January 25, 2019

Dushan Boroyevich—“Distributed Controls and 
Communication Network,“ ONR Controls Program 
Review, Blacksburg, VA, March 14, 2019

Dushan Boroyevich—“Introduction to Modeling and 
Control of Three-Phase PWM Converters,“ College of 
Electrical Engineering, Hangzhou, China, June 11, 2019

Dushan Boroyevich—“A Very Brief Overview of 
the Center for Power Electronics Systems,“ TMEIC, 
Roanoke, Virginia, July 17, 2019

Rolando Burgos—“SiC-based Medium-Voltage Power 
Electronics,“ ECPE Workshop on Power Semiconductors 
in Medium-Voltage Applications – SiC vs. Silicon, Freiburg 
i.Br, Germany, December 2019

Rolando Burgos—“Technology Challenges in SiC-
based Medium Voltage Power Conversion,“ IEEE IWIPP, 
Toulouse, France, April 2019

Igor Cvetkovic—“On-Line Monitoring of Dynamic 
Interactions in MVDC and LVDC Systems,“ ECCE 2019, 
Baltimore, Maryland, September 2019

Igor Cvetkovic—“Self-Protected Electronic Energy 
Routers for Intergrid,“ eGRID 2019, Xiamen, China, 
November 2019

Christina DiMarino—“High-Voltage Power Module 
Packaging: 10 kV SiC MOSFET,“ ECPE Workshop, Freiburg, 
Germany, December 3, 2019

Christina DiMarino—“Packaging of High-Voltage Wide-
Bandgap Power Semiconductors,“ IFWS 2019, Shenzhen, 
China, November 26, 2019 

Christina DiMarino—“Packaging of High-Voltage 
Wide-Bandgap Power Semiconductors,“ PowerAmerica 
Summer Workshop, Raleigh, North Carolina,  
August 06, 2019 

87CPES ANNUAL REPORT 2020



Fred C. Lee—“Next Generation of Power Supplies—
From Design to Manufacturing,“ Asia Ph. D Program, 
Xi’an, China, August 15-22, 2019

Fred C. Lee—“Modeling and Control of the Modular 
Multi-Level Converters,“ IEEE PEDG, Xi’an, China,  
June 2, 2019

Qiang Li—“Ultra-High Density Electric Vehicle Charger 
with Integrated Magnetics,“ Power Electronics Young 
Professional Workshop, Hangzhou, China, July 2019

Guo-Quan Lu, Yunhui Mei, Meiyu Wang, and Xin Li— 
“Low-Temperature Silver Sintering for Bonding 3D 
Power Modules,“ 6th International Workshop on Low 
Temperature Bonding for 3D Integration (LTB-3D 2019), 
Kanazawa, Japan, May 21-25, 2019

Guo-Quan Lu—“3D Packaging of Low-Parasitic WBG 
Power Modules,“ 1st International Symposium on 
Advanced Power Packaging (ISAPP-2020), Osaka, Japan, 
October 7-8, 2019

Yuhao Zhang—“Vertical GaN: New Medium-Voltage 
Power Devices on the Horizon,“ 7th IEEE Workshop on 
Wide-Bandgap Power Devices and Applications (WiPDA 
2019), Raleigh, North Carolina, October, 2019

Yuhao Zhang—“Recent Progress in WBG Power 
Devices: Materials, Devices and Reliability,“ CPES 
Annual Conference 2019, Blacksburg, Virginia,  
April 14-16, 2019 

Prize Paper Awards
Bin Li, Qiang Li, Fred C. Lee, Zhengyang Liu, 
Yuchen Yang—“A High-Effeciency High-Density 
Wide-Bandgap Device-Based Bidirectional On-Board 
Charger,“ IEEE Journal of Emerging and Selected Topics in 
Power Electronics, Vol. 6, pp. 1627-1636, September, 2018

Sung Jae Ohn, Nidhi Haryani, Rolando Burgos, 
Dushan Boroyevich—Third Place, “A Simplified Digital 
Closed-loop Current Control of Three-Phase PV 
Inverter Operating in Triangular Conduction Mode,“ 
10th International Conference on Power Electronics—
ECCE Asia, Busan, South Korea, pp. 2027-2033, May 2019

Jun Wang, Slako Mocevic, Yu Xu, Christina DiMarino, 
Rolando Burgos, Dushan Boroyevich—Will Portnoy 
Prize Paper Award, “A High-Speed Gate Driver with 
PCB-Embedded Rogowski Switch-Current Sensor for a 
10 kV, 240 A, SiC MOSFET Module,“ in Proc. IEEE Applied 
Power Electronics Conference Exposition,  
Portland, Oregon, September 2018 

Student Awards & Achievements
YOUNG ENGINEER AWARD 
Mohamed H. Ahmed, Fred C. Lee, Qiang Li,  
David Reusch, Michael de Rooij —“GaN Based High-
Density Unregulated 48 V to x V LLC Converters with 
≥ 98percent Efficiency for Future Data Centers,“ 2019 
PCIM Europe, Nuremberg, Germany, May 7-9, 2019

OUTSTANDING PRESENTATION AWARD 
Yinsong Cai, Mohamed Ahmed, Qiang Li,  
Fred C. Lee—“Optimized Design of Integrated PCB-
Winding Transformer for MHz LLC Converter,“ 2019 
APEC (IEEE Applied Power Electronics Conference & 
Exposition), Anaheim, CA, March 17-21, 2019, pp. 1452-1458

DAVENPORT SCHOLARSHIP 
Joseph Kozak, Electrical and Computer Engineering 
Department, Virginia Tech 
 
PRATT SCHOLARSHIP FOR ACADEMIC YEAR 2019-2020, 
Slavko Mocevic, Electrical and Computer Engineering 
Department, Virginia Tech 

OUTSTANDING PRESENTATION AWARD  
Grace Watt, Amy Romero, Rolando Burgos,  
Marko Jaksic— Dialogue Session, “Design of a 
Compact, Low Inductance 1200 V, 6.5 mΩ SiC Half-
Bridge Power Module with Flexible PCB Gate Loop 
Connection,“ 2020 APEC (IEEE Applied Power Electronics 
Conference & Exposition), Anaheim, CA, March 17-21, 2019

2019 CPES CONFERENCE  
ORAL PRESENTATION AWARDS 
Mohamed H. Ahmed (sponsored by Huawei) 
Le Wang (sponsored by Delta)

2019 CPES CONFERENCE BEST DIALOGUE  
PRESENTATION AWARDS 
Joseph Kozak (sponsored by Texas Instruments) 
Zheqing Li (sponsored by Lockheed Martin) 
Emma Raszmann (sponsored by CPES) 
Ye Tang (sponsored by General Electric)
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PUBLICATIONS
Transient Core-Loss Simulation for Ferrites With Nonuniform Field in SPICE
Han Cui, Khai Ngo
IEEE Transactions on Power Electronics, Vol. 34, No. 1, January 2019, pp. 659-667

Characterization and Performance Evaluation of the State-of-the-Art 3.3 kV 30 A  
Full-SiC MOSFETs
Alinaghi Marzoughi, Rolando Burgos, Dushan Boroyevich
IEEE Transactions on Power Electronics, Vol. 55, No. 1, January 2019, pp. 575-583

Large-Area 1.2 kV GaN Vertical Power FinFETs with a Record Switching Figure of Merit
Yuhao Zhang, Min Sun, Josh Perozek, Zhihong Liu, Ahmad Zubair, Daniel Piedra, 
Nadim Chowdhury, Xiang Gao, Kenneth Shepard, Tomas Palacios
IEEE Electron Device Letters, Vol. 40, No. 1, January 2019, pp. 75-78

Ultralow Input-Output Capacitance PCB-Embedded Dual-Output Gate-Drive Power Supply for 
650 V GaN-Based Half-Bridges
Bingyao Sun, Rolando Burgos, Dushan Boroyevich
IEEE Transactions on Power Electronics, Vol. 34, No. 2, February 2019, pp. 1382-1393

A Bidirectional High-Efficiency Transformerless Converter with Common-Mode Decoupling 
for the Interconnection of AC and DC Grids
Fang Chen, Rolando Burgos, Dushan Boroyevich
IEEE Transactions on Power Electronics, Vol. 34, No. 2, February 2019, pp. 1317-1333

Differential-Mode and Common-Mode Coupled Inductors for Parallel Three-Phase  
AC-DC Converters
Sungjae Ohn, Xuning Zhang, Rolando Burgos, Dushan Boroyevich
IEEE Transactions on Power Electronics, Vol. 34, No. 3, March 2019, pp. 2666-2678

Active Gate-Driver with DV/DT Controller for Dynamic Voltage Balancing in Series-Connected 
SiC MOSFETs
Alinaghi Marzoughi, Rolando Burgos, Dushan Boroyevich
IEEE Transactions on Power Electronics, Vol. 66, No. 4, April 2019, pp. 2488-2498

Optimal Design of Planar Magnetic Components for a Two-Stage GaN-Based DC/DC Converter
Minfan Fu, Chao Fei, Yuchen Yang, Qiang Li, Fred C. Lee
IEEE Transactions on Power Electronics, Vol. 34, No. 4, April 2019, pp. 3329-3338

Transactions Papers
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Critical-Mode-Based Soft-Switching 
Modulation for High-Frequency Three-Phase 
Bidirectional AC-DC Converters
Zhengrong Huang, Zhengyang Liu,  
Fred C. Lee, Qiang Li
IEEE Transactions on Power Electronics, Vol. 34, 
No. 4, April 2019, pp. 3888-3898

Digital Implementation of Light-Load 
Efficiency Improvement for High-Frequency 
LLC Converters with Simplified Optimal 
Trajectory Control
Chao Fei, Qiang Li, Fred C. Lee
IEEE Journal of Emerging and Selected Topics 
in Power Electronics, Vol. 6, No. 4, April 14, 2019, 
pp. 1850-1859

High-Frequency Transformer Design  
for Modular Power Conversion from Medium-
Voltage AC to 400 V DC
Shishuo Zhao, Qiang Li, Fred C. Lee, 
Bin Li
IEEE Transactions on Power Electronics, Vol. 33, 
No. 9, April 15, 2019, pp. 7545-7557

Leakage and Breakdown Mechanisms of GaN 
Vertical Power FinFETs
Ming Xiao, Xiang Gao, Tomas Palacios, 
Yuhao Zhang
Applied Physics Letters, Letters 114, April 24, 
2019, pp. 163503

Circuit Models and Fast Optimization of Litz 
Shield for Inductive-Power-Transfer Coils
Ming Lu, Khai Ngo
IEEE Transactions on Power Electronics, Vol. 34, 
No. 5, May 2019, pp. 4678-4688

Digital Implementation of Adaptive 
Synchronous Rectifier (SR) Driving Scheme 
for High-Frequency LLC Converters With 
Microcontroller
Chao Fei, Qiang Li, Fred C. Lee
IEEE Transactions on Power Electronics, Vol. 33, 
No. 6, June 2019, pp. 5351-5361

Investigating Impact of Emerging Medium-
Voltage SiC MOSFETs on Medium-Voltage 
High-Power Industrial Motor Drives
Alinaghi Marzoughi, Rolando Burgos, 
Dushan Boroyevich
IEEE Transactions on Power Electronics, Vol. 7, 
No. 2, June 2019, pp. 1371-1387

High-Frequency Three-Phase Interleaved 
LLC Resonant Converter with GaN Devices 
and Integrated Planar Magnetics
Chao Fei, Rimon Gadelrab, Qiang Li, 
Fred C. Lee
IEEE Transactions on Power Electronics, Vol. 7, 
No. 2, June 2019, pp. 653-663

High Frequency PCB Winding Transformer 
with Integrated Inductors for a Bi-Directional 
Resonant Converter
Bin Li, Qiang Li, Fred C. Lee
IEEE Transactions on Power Electronics, Vol. 34, 
No. 7, July 2019, pp. 6123-6135

P-Channel GaN Transistor based on p-GaN/
AlGaN/GaN on Si
Qingyun Xie, Yuhao Zhang, Nitul 
Rajput, Peng Xiang, Kai Cheng, Sami 
Suihkonen, Han Then, Tomas Palacios, 
Nadim Chowdhury, Jori Lemettinen
IEEE Electron Device Letters, Vol. 40, No. 7, July 
2019, pp. 1036-1039

Imbalance Mechanism and Balancing Control 
of DC Voltages in a Transformerless Series 
Injector Based on Paralleled H-Bridge 
Converters for AC Impedance Measurement
Zeng Liu, Igor Cvetkovic, Zhiyu Shen, 
Dushan Boroyevich, Rolando Burgos
IEEE Transactions on Power Electronics, Vol. 34, 
No. 8, August 2019, pp. 8175-8189

Pressureless Silver Sintering on Nickel for 
Power Module Packaging
Meiyu Wang, Yunhui Mei, Xin Li, 
Dushan Boroyevich
IEEE Transactions on Power Electronics 
(Letters), Vol. 34, No. 8, August 2019, pp. 7121-
7125

Transmitter Coils Design for Free-Positioning 
Omnidirectional Wireless Power Transfer 
System
Junjie Feng, Qiang Li, Fred C. Lee, 
Minfan Fu
IEEE Transactions on Industrial Informatics, 
Vol. 15, No. 8, August 2019, pp. 4656-4664

Three-Terminal Common-Mode EMI Model for 
EMI Generation, Propagation, and Mitigation 
in a Full-SiC Three-Phase UPS Module
Sungjae Ohn, Jianghui Yu, Paul Rankin, 
Bingyao Sun, Dushan Boroyevich, 
Rolando Burgos, Harish Suryanarayana, 
Christopher Belcastro
IEEE Transactions on Power Electronics, Vol. 34, 
No. 9, September 2019, pp. 8599-8612

Medium-Voltage SiC-Based Converter 
Laminated Bus Insulation Design and 
Assessment
Yue Xu, Xianyong Feng, Jun Wang, 
Chaofei Gao, Rolando Burgos, Dushan 
Boroyevich, Robert Hebner
IEEE Journal of Emerging and Selected Topics in 
Power Electronics, Vol. 7, No. 3, September 2019, 
pp. 1715-1726

Design and Simulation of GaN Superjunction 
Transistors with 2-DEG Channels and Fin 
Channels
Ming Xiao, Ruizhe Zhang, Dong Dong, 
Han Wang, Yuhao Zhang
IEEE Journal of Emerging and Selected Topics in 
Power Electronics, Vol. 7, No. 3, September 2019, 
pp. 1475-1484

ON-Resistance in Vertical Power FinFETs
Ming Xiao, Tomas Palacios, Yuhao 
Zhang
IEEE Journal of Emerging and Selected Topics 
in Power Electronics, Vol. 66, No. 9, September 
2019, pp. 3903-3909

Vertical Ga<sub>2</sub>O<sub>3</sub> 
Schottky Barrier Diodes with Small-Angle 
Beveled Field Plates: A Baliga's Figure-of-
Merit of 0.6 GW/cm<sup>2</sup>
Noah Allen, Ming Xiao, Xiaodong Yan, 
Kohei Sasaki, Marko Tadjer, Jiahui Ma, 
Ruizhe Zhang, Han Wang, Yuhao Zhang
IEEE Journal of Emerging and Selected Topics 
in Power Electronics, Vol. 40, No. 9, September 
2019, pp. 1399-1402
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Investigation of Nonlinear Droop Control 
in DC Power Distribution Systems: Load 
Sharing, Voltage Regulation, Efficiency, and 
Stability
Fang Chen, Rolando Burgos, Dushan 
Boroyevich, Juan Vasquez, Josep 
Guerrero
IEEE Transactions on Power Electronics, Vol. 34, 
No. 10, October 2019, pp. 9404-9421

Resonant Switched-Capacitor Converter 
with Multi Resonant Frequencies
Owen Jong, Qiang Li, Fred C. Lee
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2177-2184

Single Pulse Common-Mode Voltage PWM 
Scheme to Achieve High Power-Density for 
Full-SiC Three-Level Uninterruptible Power 
Supply
Sungjae Ohn, Jianghui Yu, Rolando 
Burgos, Dushan Boroyevich, Harish 
Suryanarayana, Christopher Belcastro
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2377-2384

Soft Switching Realization of LCCL-LC 
Resonant Converter for Wireless Power 
Transfer Application
Junjie Feng, Qiang Li, Fred C. Lee
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 664-670

Improved Partial Cancellation Method for 
High-Frequency Core Loss Measurement
Feiyang Zhu, Qiang Li, Fred C. Lee
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 1430-1435

Design of a Compact, Low Inductance 
1200 V, 6.5 mÃƒÅ½Ã‚Â© SiC Half-Bridge 
Power Module with Flexible PCB Gate Loop 
Connection
Grace Watt, Amy Romero, 
Rolando Burgos, Marko Jaksic
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2786-2793

Evaluation of an Automated Modeling Tool 
Applied to New 600 V, 2 A Vertical GaN 
Transistors
Grace Watt, Alan Courtay, Amy Romero, 
Rolando Burgos, Dushan Boroyevich
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2920-2927

EMI Evaluation and Filter Design  
of a SiC-Based 3-Level UPS
Jianghui Yu, Sungjae Ohn, Bingyao 
Sun, Dushan Boroyevich, Harish 
Suryanarayana, Christopher Belcastro
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2390-2395

High-Efficiency, High-Density Isolated/ 
Regulated 48 V Bus Converter with a Novel 
Planar Magnetic Structure
Mohamed Ahmed, Ahmed Nabih, Fred 
C. Lee, Qiang Li
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 468-475

Hetero-Magnetic Coupled Inductor (HMCI) 
for High-Frequency Interleaved Multiphase 
DC/DC Converters
Shengchang Lu, Chao Ding, Yunhui Mei, 
Khai Ngo, Guo Lu
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2667-2672

Simplified Optimal Trajectory Control for 
1MHz LLC Converter with Wide-Input Voltage 
Range
Ahmed Nabih, Mohamed Ahmed,  
Qiang Li, Fred C. Lee
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 212-219

Phase Current Reconstruction Based on 
Rogowski Coils Integrated on Gate Driver 
of SiC MOSFET Half-Bridge Module for 
Continuous and Discontinuous PWM Inverter 
Applications
Slavko Mocevic, Jun Wang, 
Rolando Burgos, Dushan Boroyevich, 
Marko Jaksic
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 1029-1036

Optimized Design of Integrated PCB-Winding 
Transformer for MHz LLC Converter
Yinsong Cai, Mohamed Ahmed, Qiang 
Li, Fred C. Lee
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 1452-1458

Practical Implementation and Efficiency 
Evaluation of a Phase Shifted Full Bridge 
DC-DC Converter Using Radiation Hardened 
GaN FETs for Space Applications
Victor Turriate, Brandon Witcher, 
Dushan Boroyevich, Rolando Burgos
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 1587-1594

Multiphase X-Type Current Source Rectifier 
with Reduced Active Switch Count
Louelson Costa, Montie Vitorino, 
Rolando Burgos
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2084-2091

A Two-Stage Rail Grade DC-DC Converter 
Based on GaN Device
Minfan Fu, Chao Fei, Yuchen Yang, 
Qiang Li, Fred C. Lee
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 2110-2114

Phase Current Reconstruction Based on 
Rogowski Coils Integrated on Gate Driver 
of SiC MOSFET Half-Bridge Module for 
Continuous and Discontinuous PWM Inverter 
Applications
Slavko Mocevic, Jun Wang, Rolando 
Burgos, Dushan Boroyevich
2020 IEEE Applied Power Electronics 
Conference & Exposition (APEC), Anaheim, Ca., 
March 17-21, 2019, pp. 1029-1036

Novel 2000 V Normally-Off MOS-HEMTs 
Using AlN/GaN Superlattice Channel
Ming Xiao, Weihang Zhang, 
Yuhao Zhang, Hong Zhou, Kui Dang, 
Jincheng Zhang, Yue Hao
2020 IEEE International Symposium on Power 
Semiconductor Devices and ICs, Shanghai, 
China, May 19-23, 2019, pp. 471-474

Conference Papers
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A Novel DQ Impedance Measurement Method 
in Three-Phase Balanced Systems
Ye Tang, Rolando Burgos, Bo Wen, 
Dushan Boroyevich
2020 20th Workshop on Control and Modeling 
for Power Electronics (COMPEL), Toronto, 
Canada, June 16-19, 2019

Shipboard PEBB Cooling Strategies
Sam Yang, Julie Chalfant, Juan 
Ordonez, Jamil Khan, Chen Li, Igor 
Cvetkovic, Mauricio Chagas, Yue Xu, 
Rolando Burgos, Dushan Boroyevich
2020 IEEE Electric Ship Technologies 
Symposium (ESTS), Arlington, Va., August 13-16, 
2019, pp. 24-31

On-Line Measurement of Inward and 
Outward Impedances for Stability 
Assessment
Igor Cvetkovic, Zeng Liu, Dushan 
Boroyevich, Rolando Burgos
2020 IEEE Electric Ship Technologies 
Symposium (ESTS), Arlington, Va., August 13-16, 
2019, pp. 113-118

Partial Discharge Finite Element Analysis 
under Fast, Repetitive Voltage Pulses
Moein Borghei, Mona Ghassemi
2020 IEEE Electric Ship Technologies 
Symposium (ESTS), Arlington, Va., August 13-16, 
2019, pp. 324-328

Design of a Multilayer PCB Bus for Medium 
Voltage DC Converters
Joshua Stewart, Yue Xu, Rolando 
Burgos, Mona Ghassemi
2020 IEEE Electric Ship Technologies 
Symposium (ESTS), Arlington, Va., August 13-16, 
2019, pp. 329-336

Insulation Online Monitoring for Critical 
Components inside SiC Based Medium 
Voltage Converter Prototype
Yue Xu, Chongxing Zhang, Chaofei Gao, 
Jun Wang, Rolando Burgos, Dushan 
Boroyevich, Ming Ren
2020 IEEE Electric Ship Technologies 
Symposium (ESTS), Arlington, Va., August 13-16, 
2019, pp. 454-491

Distributed Control and Communication 
System for PEBB-Based Modular Power 
Converters
Yu Rong, Jun Wang, Rolando Burgos, 
Dushan Boroyevich, Sizhan Zhou, Zhiyu 
Shen
2020 IEEE Electric Ship Technologies 
Symposium (ESTS), Arlington, Va., August 13-16, 
2019, pp. 627-633

A Square-Shaped Omnidirectional 
Wireless Charing Bowl with a Double Layer 
Electromagnetic Shield for Portable Device 
Applications
Junjie Feng, Qiang Li, Fred C. Lee
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 4961-4966

Design Methodology of a ZVS Class-E 
Inverter with Fixed Gain
Lujie Zhang, Khai Ngo
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 2752-2758

Medium Voltage Dual Active Bridge Using 3.3 
kV SiC MOSFETs for EV Charging Application
Lee Gill, Takayuki Ikari, Toshihiro Kai, 
Bo Li, Khai Ngo, Dong Dong
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 1237-1244

Damping Selection Strategy for Maximum 
Energy on Wave Energy Power Converters
Chien-An Chen, Lei Zuo
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 4988-4993

Electrical Insulation Packaging for a 20 kV 
High Density Wide Bandgap Power Module
Maryam Tousi, Mona Ghassemi
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 4162-4166

Nonlinear Resistive Electric Field Grading 
in High-Voltage, High-Power Wide Bandgap 
Power Module Packaging
Maryam Tousi, Mona Ghassemi
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 7124-7129

Current Sharing Behavior and 
Characterization of a 1,200 V, 6.5 m&ohm; SiC 
Half-Bridge Power Module with Flexible PCB 
Gate Loop Connection
Grace Watt, Slavko Mocevic, Rolando 
Burgos, Amy Romero, Marko Jaksic
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 5321-5328

Accurate Small-Signal Model for LLC 
Resonant Converters
Yi-Hsun Hsieh, Fred C. Lee
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 660-665

Voltage Balancing of Four Series-Connected 
SiC MOSFETs Under 2 kV Bus Voltage Using 
Active DV/DT Control
Emma Raszmann, Keyao Sun, Rolando 
Burgos, Igor Cvetkovic, Jun Wang, 
Dushan Boroyevich
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 6666-6672

Design of a SiC-based Five-Level Stacked 
Multicell Converter for High-Speed Motor 
Drives
Jianghui Yu, Rolando Burgos, Qiong 
Wang
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 4063-4068
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A Comparison of DC and AC Output Inductors 
in Tunable Piezoelectric Transformer Based 
DC/DC Converters
Le Wang, Qiong Wang, Rolando Burgos, 
Khai Ngo, Alfredo Carazo
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 5529-5535

Design Methodology of a ZVS Class-E 
Inverter with Fixed Gain
Lujie Zhang, Khai Ngo
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 2752-2758

Design Optimization of Unregulated LLC 
Converter with Integrated Magnetics for 
Two-Stage 48V VRM
Mohamed Ahmed, Fred C. Lee, Qiang 
Li, Michael Rooij
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 521-528

Wide-Voltage Range High-Efficiency 
Sigma Converter 48V VRM with Integrated 
Magnetics
Mohamed Ahmed, Fred C. Lee, Qiang Li
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 4701-4707

Integrated Matrix Transformer with 
Optimized PCB Winding for High-Efficiency 
High-Power-Density LLC Resonant Converter
Shuo Wang, Hongfei Wu, Fred C. Lee, 
Qiang Li
2020 Energy Conversion Congress & Expo 
(ECCE), Baltimore, Md., September 29 – 
October 3, 2019, pp. 6621-6627

Improved Three-Phase  
Critical-Mode-Based Soft Switching 
Modulation Technique with Low Leakage 
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Over the past four decades, CPES 
has developed promising new power 
electronics technologies, including 

new types of power semiconductor devices, 
high-frequency magnetics, soft-switching 
technologies that significantly reduce switch-
ing losses and electromagnetic interference 
(EMI), advanced materials and packaging 
technologies with planar interconnect pro-
cesses, integrated sensors, and thermome-
chanical integration. These technologies 
collectively serve as the mainstay for the 
successful integration of modular building 
blocks into power electronics.

Industry adoption of the integrated power 
electronic module (IPEM) approach began 
in earnest in the early 2000s for applications 
such as power management solutions for the 
new generation of microprocessors, power 
supplies for the IT industry, electric/hybrid 
vehicles, and photovoltaic inverters, as well 
as variable- speed motor drives for applica-
tions ranging from industry automation and 
process control to home appliances. These 
core technologies offer the promise of higher 
performance at a lower cost with improved 
reliability. CPES is poised to extend these 
core competencies to a wide range of new 
and emerging applications.

We expect the emergence of wide bandgap 
semiconductors to make it possible to operate 
converters at significantly higher switching 
frequencies, efficiency, and power density, 
and to operate at elevated temperatures. This 
new generation of wide bandgap devices is 
poised to make a significant impact on the 
marketplace currently dominated by silicon 
power devices. These high-frequency and 
higher-temperature devices require advanced 
packaging technologies, together with high-
temperature interface materials, passive com-
ponents, and improved thermal management. 
CPES has unique strengths in these areas, and 

CHARTER
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SHORT-TERM/ 
LONG-TERM GOALS

is a member of the PowerAmerica Institute 
led by North Carolina State University. This 
institute has been established as an alliance 
of eighteen corporations, five universities 
and two government labs. This program was 
initiated in early 2015 with a total budget of 
$140 million over five years aimed at devel-
oping wide bandgap power services and 
associated system applications.

As the new generation of devices operate 
at significantly higher switching frequencies, 
power quality and electromagnetic interfer-
ence and compatibility (EMI/EMC) have 
become increasingly important. CPES has 
pioneered a number of innovative technolo-
gies leading to significant improvements in 
power quality and EMI/EMC performance, 
and we plan to integrate these features directly 
into the next generation of power conversion 
systems. CPES researchers are well positioned 
to play a leading role in helping industry and 
government agencies find high-performance, 
cost-effective solutions.

With ever-increasing current consump-
tion and clock frequencies, today’s micro-
processors are operating at very low voltages 
(one volt or less) and continuously switching 
between “sleep mode” and “wake-up mode” to 
conserve energy. This imposes a significant 
challenge to power delivery and manage-
ment. Over the past 15 years, with the steady 
support of over 20 corporations, CPES devel-
oped a multi-phase voltage regulator (VR) 
module to power new generations of Intel 
microprocessors. This research project gener-
ated more than 30 US patents, covering such 
areas as power delivery architecture; modular-
ity and scalability; control and sensing; current 
sharing; integrated magnetics; and advanced 
packaging and integration. Today, every PC 
and server microprocessor in the world is 
powered with this multi-phase VR.

These technologies have been further 

extended to high-performance graphical pro-
cessors, server chipsets and memory devices, 
networks, telecommunications, and all forms 
of mobile electronics, including smartphones. 
This research is structured as the Power 
Management Consortium (PMC) within 
the Center’s Industry Consortium Program, 
which has over 80 participating members. 
The research scope of this mini-consortium 
has expanded in recent years to include power 
architecture and the management of data 
centers, telecommunications equipment, 
LED lighting, and PV converter/inverters.

Following the success of the PMC, CPES 
built upon its core strengths and launched 
two new mini-consortia in 2011; namely the 
mini-consortium on High Density Integra-
tion (HDI), and the mini-consortium on 
Renewable Energy and Nanogrids (REN). 
HDI evolved as an extension of the early 
work supported under the NSF-ERC years 
to further develop IPEMs and system integra-
tion technology based on the new generation 
of wide bandgap power semiconductors that 
were emerging. This research leverages the 
availability of wide bandgap power semicon-
ductors, as well as high‐temperature passive 
components and ancillary functions. The 
switching frequency is pushed as high as com-
ponent technologies, thermal management, 
and reliability permit. At the same time, 
the maximum component temperatures are 
pushed as high as component technologies, 
thermal management, and reliability permit.

REN on the other hand was created with 
the intent to consolidate the steady growth 
that CPES had in high power applications, 
focusing on high-power and medium-voltage 
power conversion technologies to facilitate 
the integration of renewable energy sources, 
such as offshore wind farms, PV farms, and 
energy storage systems into the existing elec-
trical grid. Later, due to the strong focus 

on the adoption of WBG devices in higher 
power applications, REN was relaunched as 
the Wide Bandgap High Power Converters 
and Systems (WBG-HPCS) mini-consortium 
to better reflect the expanded scope of work. 
Under this new name, WBG-HPCS aims at 
consolidating and furthering the Center’s 
strength surrounding WBG-based modular, 
multilevel power converters and high-power 
density high power converters for grid, 
industrial, and transportation applications. 
It continues to strengthen and grow exper-
tise on electronic power systems—defined as 
electrical systems with a high penetration of 
power converters. CPES continues to lead 
investigations on the dynamic impact these 
converters have on power systems, targeting 
ac and dc low-voltage and medium voltage 
distribution systems, up to high-voltage 
transmission systems.

CPES has established one of the largest 
university/industry partnership programs 
in the US and has developed an innovative 
process for moving technology and intel-
lectual property out of academic laborato-
ries and into the marketplace. This process 
enables critical technologies developed by 
the Center to permeate all forms of power 
electronics equipment and systems, and has 
profoundly affected the design and manu-
facturing process of the industry. With an 
increasing level of industry participation, 
more than 42 industry-funded graduate fel-
lowships are made available to CPES students 
annually, with industry members serving 
as mentors in the students’ research. This 
unique industry/university collaboration 
was cited by the NSF as a model ERC for its 
education/outreach program, industry col-
laboration, and technology transfer program. 
This program has continued to flourish since 
CPES graduated from the NSF ERC in 2008.
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RESOURCE NEEDS  
AND FUNDING

PARTICIPATION  
AND GOVERNANCE

CPES is a long-standing center, originally estab-
lished in 1983 as VPEC (Virginia Power Elec-
tronics Center). Its continued support is expected 

to be consistent with the present sources of funding. 
The Center is supported by both sponsored research, 
presently making up about $2.9 million per year, and 
industry member support, presently equal to an addi-
tional $2.6 million per year. Returned overhead is an 
additional source of support.

CPES has a Memorandum of Agreement (MOU) 
for the distribution of overhead. This agreement is 
reviewed periodically as new opportunities arise. The 
last MOU was signed by all parties in 2014.

CPES is made up of the highest level of faculty in 
the area of power electronics and power electron-
ics systems. Top-caliber students from electrical 

engineering programs worldwide pursue their masters 
and doctorate degrees at CPES-Virginia Tech, and in 
turn are heavily recruited after graduation, many by 
our industry partners.

CPES is administratively established as a sub-
organization under the College of Engineering. The 
Center Director, Dr. Dushan Boroyevich reports to the 
Dean, and together they identify initiatives to enhance 
the position and contributions of the Center within the 
university, industry, and the world.

Director Dr. Dushan Boroyevich is supported in  
his role by Director Emeritus, Dr. Fred C. Lee. For 
daily operations of the Center, Dr. Dushan Boroyevich 
is assisted by an executive board comprised of tenured 
faculty within CPES. Each faculty member plays a  
role as coordinator of one of four areas: Industry 
Consortium, Education, Publicity and Outreach and 
Lab Operations.

For long-term strategies, Dr. Boroyevich and Dr. Lee 
receive counsel from the CPES Industry Advisory Board 
(IAB) and the CPES Scientific Advisory Board (SAB).

The Industry Advisory Board represents industry 
interests and advises the CPES Director on program-
matic matters. The board is made up of an elected Chair 
and Co-Chair, representatives from all Principal Plus 
and Principal Members, and Associate Member rep-
resentation equal to 20 percent of the total number of 
Associate Members, or one less than the total number 
of Principal-level Members.

The Scientific Advisory Board reviews the Center’s 
vision and strategic research plan, and offers critiques 
and guidance regarding the Center’s research vision 
and its programmatic approach to ensure that the 
Center’s research program maintains a focus on its 
long-term goals.
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Fig. 1. Single stage LLC DC/DC converter with matrix transformer.

Intermediate bus architectures employing 48 V bus converters are 
widely used in telecom power supply applications. With the rapid 
increase of demanded power by these loads, higher efficiency and 

power density are driving for better performance power manage-
ment solutions.

In this work, a single stage LLC converter with integrated mag-
netics is proposed for 48 V/12 V-1 kW bus converters that can pro-
vide both regulation and isolation. The current practice for dc-dc bus 
converters is to operate at low switching frequencies, 100-200 KHz, 
with power density below 400 W/in3. For higher power density, this 
converter will operate at a 10-times higher frequency than indus-
try practice. The LLC converter is most suitable for high-frequency 
operation due to its soft switching properties for all devices so that 
higher efficiency and power density can be realized. For high output 
current and low voltage dc-dc converters, the matrix converter has 
proven to be a perfect candidate as it distributes the secondary cur-
rent among different outputs to reduce the total conduction loss. 

In this work, two matrix transformers, each with two trans-
former outputs, are used to deliver a 1 kW output power. The two 
transformers are connected in parallel from both primary and sec-
ondary windings as shown in Fig. 1; the primary windings are ar-
ranged in a way to integrate the parallel transformers with one core 
structure.

To achieve output voltage regulation, the resonant inductor 
needs to be designed to a specific value to have the required regula-
tion capabilities. A novel magnetic structure is proposed where the 
transformer primary windings are extended with the addition of a 
magnetic core to achieve a controllable leakage inductance to achieve 
the regulation capabilities. The shared winding will result in lower 
losses of the resonant inductor. The proposed PCB winding arrange-
ment is shown in Fig. 2. A prototype has been developed for the pro-
posed converter, achieving a power density of 800 W/in3 with an es-
timated efficiency > 97% higher than all available industry practices.

Low Loss Integrated Inductor and Transformer 
Structure and Application in Regulated LLC 
Converter for 48 V Bus Converter

Fig. 2. Integrate matrix transformer and inductor PCB winding 
arrangements.
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Magnetic Integration of Matrix Transformer
with a Highly Controllable Leakage Inductance

The 48 V power architecture is attracting significant attention 
for the datacenter industry. The 48 V power architecture pro-
vides high efficiecncy and is more suitable for high-power 

delivery as opposed to the legacy 12 V bus architicture. The power 
rating per server rack in a datacenter is increasing significantly to 
24 kW or higher. A number of parallel 3 kW power supply modules 
are used. This paper focuses on the design of a 400 V/48 V 3 kW 
dc-dc converter with high efficiency and power density. A full bridge 
CLL circuit is used with a matrix of four transformers. 

This paper proposes a novel approach to integrate high con-
trollable leakage inductance with a matrix of four transformers us-
ing one magnetic core. The paper proposes a five-leg magnetic core 
where four legs are utilized for four transformers and a fifth leg (cen-
ter leg) is placed at the center between the four transformer legs to 
create controllable leakage inductance without sacrificing the power 
density of the magnetic structure, as shown in Fig. 1. The secondary 
windings of the original matrix transformers are relocated to create 
leakage flux in the center leg. Different winding arrangements can 
also be used to create different leakage inductances on the secondary 
or primary sides. The leakage inductance can be controlled by vary-
ing the cross-section area and air gap of the center leg. In Fig. 2, the 
secondary windings are relocated without making any change on the 
primary windings. The blue secondary windings are active for the 
first half cycle, and red secondary windings are active for the second 
half cycle. This will cause leakage flux to pass through the center leg. 
By relocating the secondary winding, the physical leakage induc-
tance is found on the secondary side. This way, the proposed wind-
ing structure can be used in a three-element CLL resonant circuit, as 
shown in Fig. 2. Different combinations of winding arrangements 
will result in different leakage inductance values in both primary and 
secondary sides.

In summary, the paper proposes a novel magnetic structure with 
5-leg core. The magnetic structure integrates a matrix of four trans-
formers with high controllable leakage inductance in a condensed 
footprint. The integrated magnetics can be applied to a 400 V/48 V 
3 kW CLL resonant converter to implement a high-efficiency and 
high power density dc-dc converter for a datacenter power supply.

Fig. 1. Proposed 5-leg core with proposed winding arrangement. 

Fig. 2. Full-bridge CLL circuit with matrix transformer and integrated 
inductor.
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Control Technique for CRM-Based, High-Frequency, 
Soft-Switching Three-Phase Inverter  
Under Grid Fault Condition 

To develop a high power density and efficiency inverter for a 
grid-tied application, a critical conduction mode (CRM)-based 
soft-switching modulation (DPWM + CRM + DCM) for a 

three-phase, two-level inverter was developed. In this modula-
tion scheme, one phase is clamped to a dc rail so that the other two 
phases operate at high frequencies as CRM and DCM. Although it 
was proven that the modulation method is a reasonable solution for 
high-frequency operation with high efficiency, previous studies only 
focused on ideal grid conditions such as balanced and rated voltage. 
For practicality, studies on non-ideal grid conditions (like fault con-
ditions) need to be conducted. 

Voltage sag is one of the most frequent grid faults. Under this 
condition, the magnitude of 3-phase voltage decreases, and imbal-
ance appears between each phase, resulting in positive and negative 
sequence voltage. To avoid a large voltage ripple at the dc-link ca-
pacitor, which may lead to over-voltage protection and stop inverter 
operation, constant active power should be delivered to the grid. For 
constant active power delivery, the output current to the grid be-
comes imbalanced.

However, if the soft-switching modulation is directly applied to 

Fig. 1. Operation mode of soft-switching inverter and turn-on 
loss distribution under Type B voltage sag.

Fig. 2. Control strategy under grid fault condition: pulse skipping in DCM phase.

the voltage sag case where the grid voltage and the output current are 
imbalanced, an undesired phenomenon results. As shown in Fig. 1, 
continuous conduction mode (CCM) operation occurs where dis-
continuous conduction mode (DCM) is intended. It should be noted 
that turn-on loss is mostly concentrated in the CCM region, creat-
ing an extremely high likelihood that hardware might fail. The rea-
son for CCM operation is due to the inherent characteristics of the 
soft-switching modulation. The turn-on instant of the DCM phase 
is synchronized with the CRM phase to reduce the wide switching-
frequency range. Under voltage sag conditions, because of the de-
pendency of the DCM phase on the CRM phase, the V-sec. balance 
at the DCM phase is violated in a specific region. 

In order to prevent CCM operation and reduce the turn-on loss, 
pulse skipping is introduced in the DCM phase. By comparing zero 
current detection (ZCD) signals of the CRM phase and the DCM 
phase, decision making for pulse skipping is made. In this control 
technique, the DCM phase current has enough time to reach zero. 
Consequently, the concentrated turn-on loss in the CCM operation 
region diminishes significantly.



107CPES ANNUAL REPORT 2020

Critical Conduction Mode-Based, High-Frequency, 
Single-Phase Transformerless PV Inverter

In a residential PV system, single-phase transformerless invert-
ers have been widely used. Even without a line frequency trans-
former, the power density of products in the market is low due 

to the low switching frequency with Si-based power devices. Criti-
cal condition mode (CRM) operation with wide-bandgap (WBG) 
devices has been deemed a reasonable solution for high frequency 
applications by achieving zero voltage switching (ZVS). This paper 
explores a CRM-based full-bridge inverter with bipolar pulse-width 
modulation (PWM) in detail. Also, how CRM operation affects leak-
age current is analyzed, and a new switching modulation strategy is 
introduced to minimize the leakage current. 

Based on the full-bridge inverter in Fig. 1, Fig. 2 illustrates 
waveforms of a CRM full-bridge inverter in bipolar mode. The small 
difference of iL1 and iL2 due to the line frequency leakage current iLK_L 
brings about a zero-crossing timing mismatch for inductor currents. 
The resonance starting point of each switching node VaN and VbN 

then becomes inconsistent to the point that a hump appears in the 
common mode voltage Vcm (green shaded area). Eventually, the non-
constant Vcm becomes the source of high-frequency leakage current 
in the system. On account of the inherent operating status in CRM, 
resonant period, common mode voltage variation occurs. The hump 
in Vcm is largest at the ac voltage zero crossing since the line frequen-
cy leakage current is the largest and the resonant period is also the 
longest, resulting in a large high-frequency leakage current. 

In general, CRM leads to a wide switching frequency range, es-
pecially a high frequency near zero crossing. To avoid large switch-
ing-related loss, the maximum switching frequency is limited by 
operating the inverter in discontinuous conduction mode (DCM). 
However, instead of using an operation to clamp switching frequen-
cy and to shorten the resonant period near ac voltage zero crossing, a 
triangular current mode (TCM) operation is employed in this paper. 
By combining CRM and TCM, a full-bridge inverter with bipolar 
PWM can soothe the common mode voltage and suppress the leak-
age current with a narrow switching frequency range. 

Experimental results with a 2.5 kW laboratory prototype built 
with an E-mode GaN device validate its performance. The peak ef-
ficiency of the inverter is slightly higher than 98%, and the leakage 
current is suppressed below 300 mA.

Fig. 1. Single-phase, transformerless, full-bridge inverter in a PV System.

Fig. 2. Waveforms of a CRM full-bridge inverter in bipolar mode.
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Transmitter Coil Design for Free-Positioning 
Omnidirectional Wireless Power Transfer System

Recently, the wireless power transfer (WPT) product market 
has been increasing rapidly due to its convenience. Low-pow-
er devices, such as consumer electronics and mobile devices, 

command a large portion of the large, growing market. However, 
the majority of available wireless power transfer platforms are direc-
tional, which means that devices can only be charged efficiently in 
one orientation. Therefore, omnidirectional wireless power transfer 
systems have been studied intensely due to their improved flexibility 
when compared with their planar counterparts.

To generate an omnidirectional field, a novel transmitter coil 
structure in a charging bowl shape is proposed (Fig. 1). There are 
five coils: coils 1-4 are wound from the bottom to the side face of the 
bowl; coil 5 is placed around the bottom of the bowl. The magnetic 
field induced by coil 1 and coil 2 at the base of bowl is mainly in the 
y direction, as shown in Fig. 2(a). Symmetrically, the magnetic field 
induced by coil 3 and coil 4 is mainly in the x direction at the bottom 
of the bowl. The magnetic field induced by coil 5 is mainly in the z 
direction. With the x, y, and z direction magnetic field at the base, 
the magnetic field can rotate in different directions with modulated 
excitation current. 

As shown in Fig. 2(a), the magnetic field induced by coil 1 
and coil 2 is not uniform. Therefore, the power transfer decreases 
when there is some misalignment between the transmitter coil and 
receiver coil. To resolve this issue, the transmitter coil geometry is 
optimized to achieve strong, uniform coupling distribution. Nor-
mally, finite element analysis software is utilized to get magnetic 
field distribution, but it is time consuming and not suitable for opti-
mization. Therefore, an analytical model to calculate magnetic field 

Fig. 2. The magnetic field distribution of coils 1 and 2 before and after optimization. (a) Before optimization. (b) After optimization.

Fig. 1. Proposed transmitter coils structure for wireless charge in a bowl.

distribution based on the Biot-Savart law is built in this paper. The 
parameter optimization is implemented in MATLAB with a genetic 
algorithm function. The magnetic field distribution with the opti-
mized coil geometry is shown in Fig. 2(b). Compared with Fig. 2(a), 
the magnetic field is much uniform after the coil optimization. There 
are free-positioning characteristics for receiver devices in our WPT 
system.

(a) (b)
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Shielding Study of a 6.78 MHz Omnidirectional 
Wireless Power Transfer System

Wireless power transfer (WPT) is a promising solution for 
delivering power to a battery in a variety of applications, 
and near-field inductive power transfer technology has 

been widely adopted in consumer electronics applications. A three-
dimensional WPT system with omnidirectional power transfer capa-
bility is preferred due to the spatial charging freedom. In this paper, 
a square-shaped wireless charging bowl is proposed; the transmitter 
coil structure is shown in Fig. 1. 

An important design issue of an inductive power transfer 
system is minimizing human exposure to electromagnetic fields 
(EMFs). Several regulation documents offer guidance for preventing 
adverse health effects due to EMFs. To comply with these standards, 
a ferrite shield is added to reduce the stray field level; in the proposed 
setup, the ferrite shield layer is wrapped around the charging bowl to 
confine the magnetic field. Cases for the field distribution on the yz 
plane for a system with a ferrite shield and without a ferrite shield are 
shown in Fig. 2(a) and (b) respectively. Herein, the stray field outside 
the charging bowl decreases, but the attenuation is not enough due 
to the low permeability of the available high frequency (6.78 MHz) 
ferrite material.

To further reduce the stray field level, a conductive layer is 
added to the ferrite layer. The resulting yz plane field distribution is 
shown in Fig. 3. The stray field outside the bowl is attenuated effec-
tively through the induction of an eddy-current within the conduc-

Fig. 1. The proposed square shaped charging bowl.

Fig. 2. The yz plane field distribution with and without a ferrite shield. (a) 
Without shield case. (b) With a 0.3 mm ferrite (ur = 100) shield.

Fig. 3. Field distribution with double-layer shield.

tive layer. Thanks to the ferrite layer, the magnetic field inside the 
bowl doesn’t change much; therefore, the power transfer capability 
wouldn’t suffer even with the conductive layer. And, according to 
Finite Element Analysis simulation, the eddy current loss in the con-
ductive layer is around 1m W. However, the ferrite loss is around 
0.3 W at 5 W output, and the system efficiency drops from 82% to 
78% after adding the double-layer shield.

(a)

(b)
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The LCCL-LC Resonant Converter and Its Soft 
Switching Realization for Omnidirectional Wireless 
Power Transfer Systems

Wireless power transfer (WPT) with loosely coupled coils is 
a promising solution to deliver power to a battery in con-
sumer electronics applications. The LCCL-LC resonant 

converter, as shown in Fig. 1, is a promising topology for such sys-
tems, due to the following merits: 1) coupled independent resonant 
frequency; 2) load-independent output voltage; 3) load-independent 
transmitter coil current; 4) maximal efficiency power transfer; and 
5) soft switching of active devices. To increase the spatial charging 
freedom, the system frequency is pushed to the megahertz (MHz) 
range. In a MHz system, zero voltage switching (ZVS) of the switch-
ing devices is essential in reducing the switching loss and switching 
associated noise. In this paper, a design methodology to achieve ZVS 
operation is proposed for the LCCL-LC resonant converter for wire-
less power transfer applications.

To achieve zero voltage switching (ZVS) for the LCCL-LC con-
verter, the turnoff current (Ioff) of the primary devices must be high 
enough to discharge the devices’ junction capacitor during the dead-
time period. In a MHz WPT system, the reactance of the full bridge 
rectifier can no longer be neglected; therefore, an analytical model 
of the full bridge rectifier input impedance is proposed. Then, the 
total impedance of the converter is derived, and the input current is 
calculated by dividing the input voltage by the input impedance. The 
turnoff current is thereby determined, and found to be dependent on 
the load and coupling condition. The turnoff current is smallest at 
the heavy load, strong coupling condition; therefore, the heavy load, 

Fig. 1. The LCCL-LC resonant converter.

Fig. 2. Experimental switching node voltage and current waveform. (a) k = 0.24, Po = 5 W (worst case). (b) k = 0.12, Po = 5 W. (c) k = 0.24, Po = 2 W. 

strong coupling case is identified as the worst case for ZVS condi-
tions. If the turnoff current is designed to be high enough to achieve 
ZVS operation at the heavy load, strong coupling case, the ZVS op-
eration can be guaranteed in different load and coupling conditions. 
The experimental waveforms validate the ZVS operation in different 
conditions in Fig. 2. Peak system efficiency of 82% at 5 W output 
power is achieved.

Recently, omnidirectional wireless power transfer (WPT) sys-
tems have been studied intensely, due to their improved flexibility as 
compared to their planar counterparts. In an omnidirectional WPT 
system, there are multiple transmitter coils, and in the full paper the 
previous ZVS analysis is extended to the case of multiple transmitter 
coils. 
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Three-Phase Interleaved LLC Resonant Converter
with Integrated Planar Magnetics

The LLC converter is the most suitable topology for a dc-dc con-
verter in server and telecom applications. In order to increase 
the output power and reduce input and output current ripples, 

the three-phase interleaved LLC converter is becoming more and 
more popular. By connecting the three phases of the converter in a 
certain way, the three-phase LLC converter can have the benefit of 
automatic current sharing. Different topologies of the three-phase 
LLC converter are surveyed in this paper. And a new topology suit-
able for high-frequency operation is proposed, as shown in Fig. 1. 
The proposed LLC converter employs a delta-connected resonant 
capacitor network on the primary side to achieve automatic current 
sharing, a full-bridge secondary side due to high-frequency opera-
tion, and a shielding technique to reduce CM noise.

The three-phase LLC converter suffers the drawback of numer-
ous bulky magnetics. A novel magnetic structure is proposed to inte-
grate three inductors and three transformers into one magnetic core, 
with 600 V GaN devices from Panasonic and 80 V GaN devices from 
EPC employed for the primary and secondary sides, respectively. By 
pushing the switching frequency up to 1 MHz, all the windings for 
the magnetic structure can be implemented with 4-layer PCB wind- Fig. 1. Schematics of proposed three-phase LLC converter.

(a) (b)

Fig. 2. (a) Hardware prototype (b) Estimated efficiency.

ing. And additional 2-layer shielding can be integrated in the PCB 
windings to reduce CM noise. A 1 MHz 3 kW 400 V/48 V three-
phase LLC converter with the proposed magnetic structure is de-
signed with an estimated peak efficiency > 98%, as shown in Fig. 2, 
and a power density of > 200 W/in3.
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A High-Efficiency, High-Density, Wide-Bandgap, 
Device-Based Bidirectional On-Board Charger

Due to concerns regarding increasing fuel costs and air pollu-
tion, plug-in electric vehicles (PEVs) are drawing more and 
more attention. PEVs have a rechargeable battery that can be 

restored to full charge by plugging in to an external electrical source. 
However, the commercialization of the PEV is impeded by the de-
mands of a lightweight, compact, yet efficient on-board charger sys-
tem. Since the state-of-the-art, level 2 on-board charger products 
are largely Si-based, they operate at less than 100-kHz switching fre-
quency, resulting in a low power density at 3–12 W/in3, as well as 
an efficiency of not more than 92%–94%. Compared with Si devices, 
the absence of a reverse recovery charge in wide-bandgap (WBG) 
devices (GaN and SiC) enables bidirectional operation with a single 
converter. In addition, WBG devices have a much better figure of 
merit than Si devices. For a given ON-resistance and breakdown 
voltage, WBG devices require a much smaller die size, which can 
translate into a smaller gate charge and junction capacitance. Both 
of these characteristics are able to shorten the current and voltage 
transition interval, and thus reduce the switching loss. Therefore, 
by moving to WBG devices, the system switching frequency is in-
creased to 100–300 kHz, and 95%–96% efficiency is achieved.

For the ac-dc stage, a bridgeless totem-pole converter with CRM 
operation is adopted. Zero voltage switching (ZVS) is achieved for all 
fast switches, making it a promising candidate for high-frequency 
operation. Also, the symmetrical structure guarantees easy bidirec-
tional operation. For the isolated dc-dc stage, the CLLC resonant 
converter featuring the same soft-switching technique as the LLC 
resonant converter is selected. It achieves ZVS for all switches under 
all load conditions. In addition, the symmetrical resonant tank makes 
it much more suitable for bidirectional operation. To optimize the Fig. 1: Variable dc-link voltage structure without split capacitors.

Fig. 2: The hardware prototype and tested efficiency.

converter over a wide output voltage range, a variable dc-link volt-
age structure is used, utilizing 1.2 kV SiC devices so that the second 
stage CLLC resonant converter is always working around its opti-
mized point for all output voltages. As a result, very high efficiency is 
achieved during the whole charging cycle, from low battery voltage 
to high battery voltage. Also, a two-stage combined control strat-
egy is proposed for both charging and discharging operations. The 
proposed control strategy guarantees that the dc-dc stage switching 
frequency stays around resonant frequency and also eliminates the 
secondary order line-frequency ripple generated by the ac-dc stage. 
A 6.6 kW, 500 kHz (300 kHz for ac/dc) bidirectional on-board char-
ger prototype with 37 W/in3 power density and over 96% efficiency 
is demonstrated to verify the proposed structure.
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Optimal Design of Planar Magnetic Components  
for a Two-Stage, GaN-Based DC-DC Converter

A rail-grade converter in the transportation industry provides 
isolated dc power for such electronics as LED displays, audio 
amplifiers, safety monitors, lighting, and communications 

systems. 
We developed a 200 W wide-input-range (64–160-to-24-V), 

rail-grade dc-dc converter based on gallium nitride devices. A 
two-stage configuration is proposed. The first regulated stage is a 
two-phase interleaved buck converter (>400 kHz), and the second 
unregulated stage is an LLC (2 MHz) dc transformer. In order to 

Fig. 1. Prototype system. Fig. 2. Efficiency and power density comparison for a closed-loop system.

achieve high frequency and high efficiency, critical-mode operation 
is applied for the buck converter, and negatively coupled inductors 
are used to reduce frequency and conduction losses. Then, a system-
atic methodology is proposed to optimize the planar-coupled induc-
tors. The unregulated LLC converter can always work at its most 
efficient point, and an analytical model is used to optimize the pla-
nar transformer. Finally, the proposed dc–dc converter, built in a 
quarter-brick form factor, is demonstrated with a peak efficiency of 
95.8% and a power density of 195 W/in3.
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Design Optimization of an Unregulated LLC Converter 
with Integrated Magnetics for a Two-Stage, 48 V VRM

With the rapid increase of power consumption at data cen-
ters, efficient power management solutions and architec-
tures are gaining more attention. 48 V voltage regulator 

modules (VRMs) have been used in telecom applications for years. 
A recent study indicates 48 V VRMs, instead of 12 V VRMs, are 
deemed a more efficient and cost-effective architecture for data cen-
ter applications.

Two-stage, 48 V VRM architecture can help achieve the re-
quired efficiency and power density for the target application with 
a quicker integration to the existing data centers. As shown in Fig. 
1, the first stage is an unregulated dc-dc (DCX) converter stepping 
down the input voltage to an intermediate bus voltage, followed by 
the mature technology of a multi-phase buck converter. The soft-
switching capabilities of the first stage combined with the simplicity 
and scalability of the second stage promote this solution as a suitable 
candidate for future data centers to achieve the required efficiency 
and power density. One key element to achieve these goals is the first 
stage unregulated converter design.

In this work, an LLC converter with a matrix transformer 
structure is proposed for the first-stage converter. Two DCX con-
verters are designed with different transformation ratios to evaluate 
the overall efficiency of the two stages with different intermediate 
bus voltages. With GaN devices and integrated magnetic structure, 
the two converter prototypes shown in Fig. 2 are designed, and they 
achieve very high efficiency (> 98%) and power density (> 1200 W/
in3). The efficiency of the two stages is then evaluated with the con-
clusion that 6 V for the intermediate bus will help achieve higher 
efficiency for the two-stage architecture.

Fig. 1. Two-stage, 48 V VRM solution.

Fig. 2. High efficiency and density GaN-based 48/xV prototypes.
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Wide-Voltage Range, High-Efficiency Sigma Converter 
48 V VRM with Integrated Magnetics

With the increasing demands of cloud computing, big data 
processing, and cryptocurrency mining, by 2020 a 10% 
share of the total power consumption will be required by 

U.S. data centers and telecommunication applications. Replacing 
12 V bus distribution with a 48 V bus distribution system in data 
centers has been proposed and later adopted by Google. This archi-
tecture presents a challenge for voltage regulator module (VRM) de-
sign being placed near the CPU. The designed VRM must operate at 
a high efficiency with high power density. 

In this work, a magnetic integration method is proposed for 
regulated LLC converters where a printed circuit board (PCB) wind-
ing matrix transformer and resonant inductor are integrated using 
a single core structure with minimum winding requirements. The 
proposed LLC converter with integrated magnetic structure is uti-
lized in the Sigma converter architecture shown in Fig. 1 for the 
VRM powering the CPU. By realizing a variable gain LLC converter, 
the Sigma converter is able to efficiently operate with wide input and 
output voltage ranges to meet the CPU requirements. Compared to 
two-stage solutions, the power flow in the Sigma converter is shared 
between two converters with the ratio determined by the input volt-
age across each converter, resulting in higher conversion efficiency. 

The Sigma converter prototype shown in Fig. 2 is built to oper-
ate with an input voltage range of 40-60 V with an output voltage 
range of 1.3-1.8 V. The LLC converter with a matrix transformer 
structure integrates six transformers and a resonant inductor using a 
single core structure and PCB winding. The buck converter used for 
regulating the output voltage is built using GaN devices and a PCB 
winding inductor. The designed converter provides a maximum out-
put current of 100 A while achieving a maximum efficiency of 95.2% 
and power density of 700 W/in3.

Fig. 1. One stage 48/1 V sigma converter power architecture.

Fig. 2. Wide-voltage-range sigma converter prototype.

Fig. 3. Wide-voltage range sigma converter measured efficiency under 
different operating conditions.



116 NUGGETS | PMC

Modeling and Control for a 48 V/1 V Sigma Converter 
for Very Fast Transient Response

48 V voltage regulator modules (VRMs) are critical for 
telecom power supplies and are becoming popular for 
future data centers. By using a novel sigma converter 

topology as shown in Fig. 1, an outstanding performance in terms 
of efficiency (95.2%) and power density (700 W/in3) has been dem-
onstrated. Both the efficiency and power density are much higher 
than state-of-art solutions. However, the modeling and control of 
the Sigma converter is challenging due to the quasi-parallel struc-
ture, and they have not been solved properly yet. The small-signal 
model of current mode and V2 control are provided and compared 
with voltage mode control. The V2 control with active droop control 
is chosen for high-bandwidth and constant load line design.

Fig. 2 shows the bode plot of constant-on-time (COT) cur-

Fig. 1. Sigma converter 48 V VRM power architecture. Fig. 2. Sigma converter 48 V VRM power architecture.

Fig. 3. Proposed active droop control scheme. Fig. 4. Constant Zo with different operating points.

rent mode and enhanced V2 control, as well as the comparison with 
voltage mode control, where Vin=54 V, Vo=1.4 V, D=0.07, n=12, 
Lr=440 nH, L=210 nH, Cin=10 uF, and Co=2 mF. From Fig. 3, volt-
age mode has a low frequency double pole, and COT current mode 
has a low frequency RHP pole (gain decreases and phase increases). 
As a result, both voltage mode and COT current mode are not suit-
able for high bandwidth design, and enhanced V2 control is chosen.

It is well known that CPU VR must achieve adaptive voltage 
positioning (AVP) to meet Intel load line specifications. In order to 
meet the AVP requirement, the active droop control scheme is ad-
opted, as shown in Fig. 3. With this method, the simulation results of 
output impedance with different operating points is shown in Fig. 4. 
Constant load line is achieved at all operating regions.
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A Two-Stage Rail Grade DC-DC Converter
Based on a GaN Device

A continuously increasing demand for various well-performed 
power supplies is due to increased energy consumption. Re-
cently, the emerging gallium nitride (GaN) power device 

shows its ability to keep the momentum of power density improve-
ment. GaN devices have small driving loss, small turn-on loss, and 
almost no turn-off loss. Therefore, zero voltage switching (ZVS) is a 
necessity to fully realize these device benefits.

In railway applications, isolated power supplies are required to 
transform the floating battery voltage to a constant output for differ-
ent loads. In order to find a cost-effective solution, the modularized 
design method can be applied here. The whole power supply is built 
with several identical dc-dc brick modules, and each module should 
be able to communicate with a central controller. Thus, it requires 
a high-efficiency, high-power-density dc-dc module with digital 
controllers. However, the existing commercial modules use analog 
controllers and do not support external communication. Meanwhile, 
with Si MOSFET, they can only achieve relatively low peak efficien-
cy and low power density.

Fig. 1. 2-stage dc-dc converter. Fig. 2. Prototype system.

The proposed module in this paper, as shown in Fig. 1, uses a 
two-phase critical mode (CRM) buck converter to offer a regulated 
48 V bus voltage, and then an unregulated LLC converter (DCX) 
serves for 48 V/24 V conversion. This paper focuses on the design 
and control of the proposed converter. Considering the maximum 
input voltage and output voltage, the GaN devices are compared and 
selected for the buck converter and the LLC DCX, respectively. The 
CRM operation under a negative coupled inductor is discussed. The 
ZVS range is discussed and ZVS extension is developed to cover the 
wide input range. Finally, all the mentioned control functions are 
implemented through a small and low-cost 60 MHz MCU.

Fig. 2 shows the prototype system, which includes the main cir-
cuits, the planar magnetics, the MCU, and the auxiliary power sup-
ply.

The standalone prototype converter has a measured peak effi-
ciency of 95.1% with a power density of 130 W/in3.
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Design-Oriented Equivalent Circuit Model
for Resonant Converters

Switched-mode power supplies have been driven by the need 
for higher efficiency and higher power-density, especially for 
such applications as aerospace, IT, telecommunications and 

consumer electronics. Resonant converters, with their capability to 
achieve zero voltage switching (ZVS) for the primary switches and 
zero current switching (ZCS), have been deemed as the desired to-
pologies for most applications mentioned above. The role of reso-
nant converters becomes even more important with the new gen-
erations of wide bandgap power semiconductors capable of running 
beyond megahertz. Yet, despite decades of development, we still do 
not have an adequate, user-friendly, small-signal model for this class 
of resonant converters.

Yang developed a complicated equivalent circuit model based 
on the harmonic balance principle and demonstrated on the series 
resonant converter (SRC). His work was later extended to an LLC 
converter by Chang. However, their models were based on the as-
sumption that the resonant tank behaves as a good band-pass filter, 
which is applicable at best to SRC at high Q, but not for LLC type of 
resonant converters. In fact, most of the poles predicted are located 
beyond the switching frequency (FS). Consequently, some simplified 
models are proposed. However, those models are based on funda-
mental approximation, and the simplification processes further sac-
rifice accuracy. 

The recent modeling breakthrough is based on the extended 
describing function method when all harmonics are taken into 
consideration. These models are demonstrated to be accurate at all 
frequencies and thus set a solid stage for a further simplification 
when the frequency range of interest is below FS , as in most applica-
tions. Based on this modeling, a design-oriented equivalent circuit 
model is proposed, as shown in Fig. 1. With its simple form, the 
proposed model provides strong physical insights into the dynamics 
of resonant converters and leads to strategies for optimal controller 
and power stage designs. For example, the nature of the control-to-
output transfer function shown in Fig. 2 can be well-explained with 
the proposed model. The Le in Fig. 1 represents the energy stored in 
the resonant tank and forms the beat-frequency double-pole with 
Ce. Re is the Thevenin resistance of the resonant tank. Under typical 
operation as FS around the resonant frequency, the LLC converter 
behaves as a voltage source and therefore Re is very small. In this 
condition, there is a strong double-pole formed by Le and C0 so a 

Fig. 1. Proposed small-signal equivalent circuit model for SRC and LLC 
resonant converters.

Fig. 2. Control-to-output transfer function for LLC resonant converter.

Type III compensator is needed for a high-bandwidth design. More-
over, the high-frequency single pole and right-half-plane zero con-
tribute to an additional phase delay. Their frequencies are shown to 
be a function of the intrinsic impedance of the resonant tank. This 
insight becomes a strong guideline of power stage design in achiev-
ing higher performance.
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Critical-Conduction-Mode-Based Soft-Switching 
Modulation for Three-Phase PV Inverters
with Reactive Power Transfer Capability

High-frequency power conversion systems based on wide-band-
gap (WBG) semiconductor devices can achieve high power 
density by reducing the size of passive-component filters. 

Since WBG devices show negligible turn-off energy compared with 
the turn-on energy, a critical conduction mode (CRM) operation, 
zero-voltage switch (ZVS) soft switching is preferred for achieving 
high efficiency. Both high density and high efficiency are desired in 
three-phase photovoltaic (PV) systems.

In CRM operation, three-wire systems—different from the 
three-phase four-wire systems reported in the literature—cause ex-
tremely wide switching-frequency variations. Previously, a novel 
CRM-based, soft-switching modulation was proposed, where a 
discontinuous pulse width modulation (DPWM) was adopted for 
decoupled control in three-phase, three-wire systems and discon-
tinuous conduction mode (DCM) operation was applied to limit 
switching-frequency variation. Using that modulation, switching 
frequency variation range is 300 kHz–500 kHz at full load.

In this work, soft switching modulation is improved not only in 
the unity power factor condition, but also in non-unity power factor 
conditions. DPWM clamping is applied to the phase with the highest 
ac line-to-neutral voltage amplitude to avoid hard switching turn-on 
during DCM operation. Control switches in the other two phases 
are turned on in each switching cycle after the inductor current zero 
crossing has occurred in both phases, which determines the assign-
ment of DCM and CRM operation modes in each phase, as well 
as the optimal DCM/CRM transition angle. A numerical model is 
proposed for predicting this optimal transition angle with sufficient 
accuracy. Based on the improvements, a generalized CRM-based, 
soft switching modulation is proposed for both unity and non-unity 
power factor operating conditions to minimize switching loss.

The proposed soft switching modulation is digitally imple-
mented with one low-cost microcontroller (MCU), and the benefits 
are experimentally verified on a 25 kW SiC-based three-phase, bi-
directional ac-dc converter prototype. This prototype is designed to 
operate above a 300 kHz switching frequency, achieving a 127 W/in3 

Fig. 1. Typical experimental waveforms at different operating points.

Fig. 2. Tested efficiency of the prototype.

power density. Fig. 1 shows some typical experimental waveforms 
to verify the zero-voltage, soft-switching turn-on at different oper-
ating points. Fig. 2 shows the tested efficiency before and after the 
improvements under different power factor conditions. Efficiency 
above 98% is achieved when the power factor varies between 0.8 
(lagging) and 0.8 (leading), even with above-300 kHz high-frequency 
operation.
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Improved Three-Phase Critical-Mode-Based Soft-
Switching Modulation Technique with Low Leakage 
Current for PV Inverter Application

In photovoltaic (PV) system applications, due to the relatively large 
area of the PV panel, large parasitic capacitance exists between the 
PV panel and the earth. This parasitic capacitance, combined with 

the power converter, the grounded power grid and the earth, forms 
a closed electrical loop, resulting in current flowing through this 
parasitic capacitance, which is called leakage current in PV system 
application. For safety considerations, the RMS value of the leakage 
current is limited to 300 mA, according to related standards in leak-
age current for PV system applications; otherwise protection will be 
triggered.

With a novel critical-conduction-mode (CRM)-based soft-
switching modulation technique applied in a wide-band-gap (WBG) 
semiconductor high-frequency three-phase bidirectional ac-dc 
converter system, both high power density and high efficiency are 
achieved. However, the limitations of high leakage current with the 
soft-switching modulation prevents its use in PV system applica-
tions.

One of the causes of high leakage current is the change of digital 
pulse width modulation (DPWM) clamping every 60-degree discon-
tinuous line-cycle interval. This work proposes an improved modu-

Fig. 1. Tested leakage current with original and improved modulations. Fig. 2. Tested switching-cycle waveforms to verify soft switching.

lation concept to reduce the leakage current. The phase originally 
operating at clamping mode is made to synchronize to the phase 
originally operating at CRM in order to avoid the high leakage cur-
rent spike that would otherwise occur every 60 degrees as described 
earlier. In addition, a small CM choke is added, to further reduce 
the switching-frequency components of the leakage current. With 
the improved modulation, ZVS is achievable in the CRM operat-
ing phase, and valley switching is achievable in the DCM operating 
phase. The price paid with the improved modulation is the increased 
switching-related loss, which is around 0.2% of the total system pow-
er according to simulation results.

The improved modulation is digitally implemented with one 
low-cost microcontroller (MCU), and the benefits are experimen-
tally verified on a SiC-based three-phase bidirectional ac-dc con-
verter prototype. Fig. 1 shows the experimental waveform of leakage 
current under low voltage to validate the benefit of leakage current 
reduction with improved modulation. Fig. 2 shows some typical 
switching-cycle waveforms to verify the realization of soft switch-
ing.
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Balance Technique for CM Noise Reduction
in Critical-Mode-Based Three-Phase
Soft Switching Bidirectional AC-DC Converters

The application of wide-band-gap (WBG) semiconductor devic-
es for high-frequency power conversion system design brings 
issues related to electromagnetic interference (EMI) noise. 

More specifically, the much higher dv/dt brought by the WBG 
devices compared with their Si counterparts at switching instants 
causes much higher common-mode (CM) noise. In a typical three-
phase PV inverter product, the EMI filter, which is used for attenuat-
ing EMI noise to meet the standard, occupies around one-fourth of 
the system volume. Therefore, reducing the EMI noise of the power 
converter can help reduce the volume of an EMI filter and improve 
the total power density of the converter.

The balance technique has proved to be an effective method 
for reducing CM noise in single-phase interleaved Totem-Pole PFC 
converters. By adding inductors on the return path and coupling the 
additional inductors with the original inductors, the balance condi-
tions and therefore CM noise reduction are achieved. With optimal 
PCB winding inductor design and implementation, experimental 
results show a uniform 20 dB CM noise reduction from 150 kHz to 
30 MHz.

The balance technique is extended to three-phase ac-dc systems 
in this work. A split capacitor branch is added at the dc side, and 
then the midpoint of the split capacitor branch is connected with the 
neutral point of the ac filter Y-capacitor by six additional inductors. 
After that, these six additional inductors are coupled with the six 
original inductors to achieve balance. Fig. 1 shows the circuit topol-
ogy with the additional inductors for achieving balance. 

For better effectiveness of CM noise reduction, external capaci-
tors can be added to the system between the bus and the earth, or 
between the phase leg switch node and the earth, to fine tune the 
system parasitic capacitance and meet the balance condition. Fig. 2 
shows the simulation results of CM noise, which indicates around 
30 dB CM noise reduction is achieved with the balance technique in 
three-phase ac-dc system.

Fig. 1. Circuit topology of three-phase ac-dc converter with balance 
inductors.

Fig. 2. Simulated CM noise with and without balance.
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PCB Winding Coupled Inductor Design
for Critical-Mode-Based Three-Phase Bidirectional
AC-DC Converters with Balance Technique

The application of wide-band-gap (WBG) semiconductor devic-
es in power conversion system design enables high-switching 
frequency operation, which reduces the passive components 

of the filters and improves the system’s power density. The high-
frequency operation is also beneficial to the magnetic component 
design. The required number of turns for the magnetic component 
becomes comparable with the PCB layer, and therefore PCB winding 
based magnetic components become possible, which helps automate 
manufacturing and improve the control of manufacture tolerance. 
In addition, with three-phase ac-dc systems, the PCB winding cou-
pled inductors are beneficial for achieving balance and reducing CM 
noise.

Based on the three-phase ac-dc circuit topology with balance in-
ductors, EI core structure is selected for the coupled inductor in each 
phase, which is shown in Fig. 1 with an example of a 6-layer induc-
tor. The cross section view of the EI core structure is also shown in 
Fig. 1. In order to design these PCB winding coupled inductors, the 
required inductance needs to be determined in order to achieved the 
target switching frequency design. Therefore, in this work, first an 
analytical operational model is developed to determine the required 
self inductance and mutual inductance. With the reluctance model, 
the required reluctance can be determined. Then, based on the cir-
cuit simulation, the flux in the magnetic core can be calculated.

Fig. 1. PCB winding inductor structure and cross section view.

Fig. 2. Optimal design curve of a PCB winding coupled inductor.

After that, the outer leg radius r and the winding width a are 
defined as two independent design variables. By sweeping these two 
design variables, the inductor loss and inductor footprint can be cal-
culated. At each inductor footprint, there is one design point with 
minimum inductor loss. By combining all these design points, the 
optimal design curve is obtained and shown in Fig. 2. On this curve, 
a design point is selected around the knee area, as the star shows in 
Fig. 2. The loss and the footprint at the selected design point are 
similar compared with the results of the litz-wire based coupled 
inductor, and therefore similar efficiency is expected with the PCB 
winding coupled inductor design.
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High Frequency Transformer Design with
High-Voltage Insulation for Modular Power Conversion 
from Medium-Voltage AC to 400 V DC

Due to the increasing use of cloud computing and big data, the 
power consumption of data centers alone will reach 10% of the 
total electrical power consumption in the world by 2020. Con-

sidering such a booming data center load development, the high cost 
of copper, and conduction loss due to low voltage (480 V) ac power 
distribution outside a server hall needs to be solved.

In the proposed system, medium-voltage ac is used as the dis-
tribution voltage in the data center, and the proposed scalable power 
conditioning system blocks (PCSBs) are used to convert medium-
voltage ac directly to 400 V dc inside each server hall. This system 
can eliminate a bulky line frequency transformer, reduce front-end 
conduction cable costs, and save conduction loss. Each system block 
consists of ac-dc H-bridge converters together with high-frequency 
isolated dc-dc converters. A total of five cascaded PCSBs are em-
ployed to convert 4,160 V ac directly into 400 V dc. The inputs of 
ac-dc H-bridges are in series, and the outputs of the dc/dc stages are 
connected in parallel.

In this work, a high-frequency, high-efficiency isolated CLLC 
resonant converter is proposed for a next generation dc data center. 
The medium-voltage, high-frequency transformer is the most cru-
cial component in terms of insulation and power density. A novel 

Fig. 2. 15 kW 200 kHz CLLC resonant converter prototype.Fig. 1. Proposed medium-voltage to 400 V dc PCSB for data center.

UU core with sectionalized winding structure is chosen to enhance 
insulation capability, restrict leakage inductance, and reduce mag-
netic loss at the same time. Transformer insulation parameters are 
calculated based on the IEEE Std. C57.12.01 requirements. An ad-
ditional conductive shielding layer is applied to restrain the electric 
field inside the insulation and make sure there is no electric field in 
the air. A stress-grading layer is utilized at termination to spread out 
equal potential lines and thus reduce the E-field around termination. 
The winding arrangement is optimized based on the smallest insula-
tion volume.

The transformer turns number is based on the transformer loss 
volume trade-off and the core loss winding loss trade-off. The im-
pact of a different working frequency and different core loss density 
on transformer design is also analyzed based on a similar method. 
200 kHz is found to be the best working frequency for ML27D mate-
rial from Hitachi in this application. A 15 kW/200 kHz converter 
prototype is developed as shown in Fig. 2. Experimental results are 
also presented with 98.7% peak efficiency and 61 W/in3 power den-
sity.
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Optimized Coil Design for EV Charging
with Medium Voltage Input

Inductive power transfer (IPT) is an appealing solution for charg-
ing electric vehicles (EVs) because of its low maintenance require-
ment. However, the large volume for installation and the high 

power loss can limit the power level for high-speed charging. An 
optimization method was investigated to minimize the receiver coil 
of a 50 kW system with medium voltage (MV) input, enabling the 
integration of the receiver coil into the vehicle.

Coil inductances and resistances in conventional transformers 
are designed to minimize transformer loss while achieving desired 
system efficiency. This is then followed by mechanical and magnetic 
realizations. The main objective is to minimize receiver coil size 
while satisfying desired system efficiency. The basic idea for optimi-
zation is to increase the transmitter size to enable a smaller receiver 
size, which is shown in Fig. 1. 

The value of mutual inductance needs to be at a certain value 
in IPT systems with series-series compensation for desired power 
level and fixed input and output voltage. Appropriate coil size is then 
designed to achieve the desired mutual inductance. Coil current in-
creases with the power level, requiring a larger wire gauge to have 
reasonable current density for thermal considerations. Thus, coil size 
becomes larger at higher power levels. In this work, smaller receiv-
er coil size is enabled by increasing the number of turns at a larger 
transmitter coil to keep the mutual inductance at a certain range.

In the optimization, the receiver loss and transformer loss 
were calculated by sweeping for fixed receiver coil size and variable 
transmitter coil size. For each transmitter coil size, receiver loss and 
total transformer loss is calculated by the number of sweeping and 
the turns pitch at the transmitter and receiver. Pareto Front is then 
utilized to show the trade-off between receiver loss and total trans-
former loss. Fig. 2 shows such Pareto Fronts for different transmitter 
sizes. For a specific receiver size, maximum allowed loss can be de-
termined with the thermal requirement under specific cooling con-
ditions. An appropriate transmitter size that satisfies both the trans-

Fig. 1. Concept of reducing receiver size.

Fig. 2 Trade-off between receiver loss and transformer loss for different 
transmitter size.

former efficiency and the receiver loss limit can be finally selected. 
An example of the design point is shown in Fig. 2, with receiver loss 
limited within 50 W and transformer loss limited below 200 W.
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High-Voltage Vertical Ga2O3 Power Rectifiers 
Operational at High Temperatures up to 600° K

This work presents the high-temperature forward conduction 
and reverse blocking characteristics of high-voltage vertical 
Ga2O3 Schottky barrier diodes (SBDs) with bevel-field-plate 

edge termination. The qφb increases with T at 300-600° K, indicat-
ing the existence of barrier height inhomogeneity. Two competing 
reverse-bias leakage mechanisms have been identified. At 300-500° 
K, the TFE at the Schottky contact dominates the leakage current 
at low voltages, and the VRH in the depletion region dominates the 
leakage current at high voltages. At 500-600° K, the TFE model fits 
the leakage current over the entire voltage range up to 500 V. The 
high-voltage leakage current in our Ga2O3 SBDs shows a smaller in-
crease with T when compared to state-of-the-art GaN and SiC SBDs, 
showing the great potential of Ga2O3 power rectifiers for high-tem-
perature power applications.

Fig. 2. Reverse I-V characteristics of the fabricated vertical Ga2O3 SBDs. Fig. 1. Forward I-V characteristics of the fabricated vertical Ga2O3 SBDs.

Our work presents the best combination of high-voltage and 
high-temperature performance in Ga2O3 power diodes. The highest 
operation temperature for our vertical Ga 2O3 SBDs exceeds the ones 
reported for GaN and SiC SBDs with a similar operation voltage. 
When T increases from 300° K to 500° K, the leakage current of our 
Ga2O3 SBDs only increases by about 10-fold at 500 V, while an at 
least 100-fold leakage increase at 500 V is shown in vertical GaN 
and SiC SBDs with a similar BV. It is also worth mentioning that 
the high-temperature GaN and SiC SBDs typically have more com-
plicated device designs, such as trench metal-oxide-semiconductor 
barrier Schottky (TMBS) or junction barrier Schottky (JBS) struc-
tures, while our Ga2O3 SBDs use a much simpler edge termination. 
These comparisons show the great potential of Ga2O3 SBDs for high-
temperature and high-voltage power applications. 

(a)

(b)

(d)

(c)

(e)

(a) (b)

(c)

(d) (e)
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Surge Current Capability of β-Ga2O3 Schottky Diodes

β-Ga2O3 is an attractive material for building power electronic 
semiconductor devices because of its ultra-wide bandgap and 
the availability of large-diameter wafers. However, device 

performance may be limited by the relatively poor thermal con-
ductivity of the material.

Here, we investigate the behavior of β-Ga2O3 Schottky diodes in 
the condition of forward current surge. An analytical electro-ther-
mal device model is calibrated with experimental devices and TCAD 
simulations. Then this device model is incorporated into a SPICE 
electro-thermal network model, which is used to simulate the device 
temperature rise during the surge transient, considering two device 
(SiC or β-Ga2O3 diodes) and packaging configurations (single-side or 
double-side cooling, see Fig. 1).

A summary of the results is given in Fig. 2. In the worst thermal 
case (i.e a single-side cooled β-Ga2O3 diode, which corresponds to 
the highest total thermal impedance), it can be seen that the device 
enters thermal run-away for a 115 A current pulse (arbitrary value). 
A SiC diode (lower left corner graph in Fig. 2) with the same die size 
and cooling configuration exhibits a large temperature rise (more 
than 200° C), but it can be expected to survive the current surge. 

When considering double-side cooling (right-side graphs in 
Fig. 2), both diodes have very similar behaviors, with limited tem-
perature rise. The improvement is especially noticeable for the 

Fig. 2. Current and junction temperature as a function of forward voltage, 
for SiC and β-Ga2O3 diodes with single-side and double-side cooling, in 
the case of a 115 A current surge (simulation). Fig. 1. Cooling configurations: single-sided (left) or double-sided (right).

β-Ga2O3 diode, because topside cooling provides a very short path 
for the heat dissipated at the junction (which is itself considered to 
be located on top of the semiconductor chip).

It is therefore found that when heat is removed through both 
sides of the die, a β-Ga2O3 Schottky diode offers a robustness to 
surge current comparable to a SiC Schottky diode. The low ther-
mal conductivity of β-Ga2O3 is found to be balanced by the enhanced 
heat extraction from top-side cooling as well as by the intrinsic low 
on-resistance (and conduction loss) increase with temperature in 
β-Ga2O3 devices. 
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Analysis and Comparison of DC and AC Output 
Inductors in Tunable Piezoelectric
Transformer-Based DC-DC Converters

Different from traditional magnetic transformers, which trans-
form the electrical energy via the magnetic flux in the core, 
piezoelectric transformers (PTs) transform the electrical en-

ergy via the mechanical vibration of the piezoelectric material. The 
tunable piezoelectric transformer (TPT) is a recently developed 
piezoelectric transformer with three ports: input, output and control 
ports. It can be treated as the integration of a resonant tank and a 
transformer, where the series-resonant capacitance can be tuned by 
the control port. Fig. 1 shows two ways to build a TPT-based dc-dc 
converter. The only difference is the output inductor. The output 
inductor in Fig. 1(a) is denoted by dc output inductor since it has 
a non-zero average current. The output inductor in Fig. 1(b) is de-
noted by ac output inductor because of its zero average current. 

There are two benefits of the ac output inductor. The first is 

Fig. 2. Measured converter efficiency.Fig. 1. TPT-based dc-dc converter with (a) dc output inductor and (b) ac 
output inductor.

that the ac output inductor helps improve efficiency. The ac output 
inductor compensates the circulating energy caused by the output 
capacitor of the TPT. Therefore, theoretically the efficiency can be 
improved. Secondly, with the help of the ac output inductor, the 
converter has better regulation ability and requires less from the 
control. It can be found that, with ac output inductor, the power 
stage becomes the series composition of an LC tank, a series resonant 
tank and a CL tank. If the LC tank and the CL tank have the same 
resonant frequency as the switching frequency, then the input-to-
output gain of the power stage will be load independent. 

Fig. 2 shows the measured efficiency curves of the TPT-based 
converters with a dc output inductor and an ac output inductor. It 
can be verified that the one with ac output inductor has wider regu-
lation range and better efficiency, especially light load efficiency. 

(a)

(b)
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Withstand Physics and Failure Mechanisms
of p-Gate GaN HEMTs Under Transient Surge Energy

An essential robustness of power devices is the capability to 
safely withstand the surge energy in unclamped inductive 
switching (UIS) conditions. The surge-energy robustness of 

GaN high-electron mobility transistors (HEMTs) has not been fully 
understood, as GaN HEMTs have no or very little avalanche capabil-
ity. This work unveils the comprehensive physics associated with the 
surge-energy withstand process and failure mechanisms of p-gate 
GaN HEMTs in UIS tests. 

Fig. 1(a) and (b) show the UIS test circuit, during the test. The 
device-under-test (DUT) is first turned on to charge the inductor; 
once the current reaches the set value, DUT is turned off, and the 
energy stored in the inductor is forced to go through the DUT. Two 
types of devices were tested in this work: the 600 V, 31 A hybrid-
drain gate injection transistor (HD-GIT) from Infineon and the 
650 V, 30 A Schottky p-gate HEMT (SP-HEMTs) from GaN Sys-
tems. Fig. 2 (a) and (b) show the safe withstand waveforms; both 
devices show similar energy withstand process and show no degra-
dation after the test. Four main phases are identified over the entire 
safe-withstanding process: Phase I: The device under test (DUT) is on 
and the inductor charged by V

DD

. Phase II: the DUT turns off, and its 
V

DS

 exceeds V
DD

. Phase III: LC-like resonance between the load induc-
tor (L) and the device output capacitance (C

OSS

). Phase IV: once V
DS

 
resonates to negative values and exceeds the DUT’s reverse turn-on 
voltage, the DUT conducts in the third quadrant, and the LC-reso-
nance ends. V

DS

 is then clamped around its third-quadrant voltage 
drop, and the inductor is discharged by the power supply. 

Fig. 2(c) and (d) show the typical failure waveform of the GIT 
and the SP-HEMT. In both types of devices, the failure occurs at 
the transient of peak-resonant voltage, which is around 1,150 V for 
GIT and 1,400 V for SP-HEMT. The failure modes exhibited in two 
devices are slightly different. In the GIT, a small collapse in VDS is 
shown after the device failure, indicating the leakage between drain 

Fig. 2. Safe withstand waveforms of (a) Infineon GIT and (b) GaN Systems SP-HEMT. Failure waveforms of (c) GIT and (d) SP-HEMT with the same loop 
inductor value, respectively.

Fig. 1. UIS test circuit.

and source. However, the gate control over I
DS

 retains, and the reso-
nance continues. In the SP-HEMT, the gate control is lost right after 
the device failure; the gate and source are short. To further study 
if the device failure depends on the duration of surge voltage, we 
performed the UIS tests with different inductors, which result in dif-
ferent resonance periods and durations of surge voltage. The results 
show that the V

M

 that leads to device failure shows little dependence 
on the inductor values for both GITs and SP-HEMTs. This suggests 
that the device failure is almost solely limited by the device overvolt-
age capability or the transient physical BV. To conclude this work, 
the P-gate GaN HEMT transient surge energy capability is the same 
as the transient overvoltage capability.

(a)

(b)

(b) (c) (d)

(a)
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Third Quadrant Behavior of 10 kV SiC Planar MOSFET: 
Gate Control Strategy for Lower Conduction Loss

This work unveils the relationship between device gate bias and 
the 3rd quadrant behavior: At zero or positive gate bias, the 
body diode turns on a voltage increase with the device voltage 

rating and is much larger than the built-in potential of the PN junc-
tion in high voltage devices. A buck converter test was built up using 
a 10 kV SiC MOSFET power module confirmed for a 10 kV SiC 
MOSFET, and a negative VGS could be optimal to drive the device in 
3rd quadrant conduction at high temperature.

Fig. 1 shows the 3rd-quad I-V characterization of an 1.2 and 
10 kV SiC planar MOSFET at different VGS (-5 V– 15 V) under dif-
ferent temperatures (25° C, 175° C). For 1.2 kV at both temperatures, 
VGS > Vth gives a lower VF

3rd since both the MOS channel and the 
body diode are conducting current. However, for 10 kV devices, 

Fig. 2. (a) and (b), buck converter setup, (c) (d) test waveforms. Fig. 1. I-V characterization of 1.2 kV and 10 kV SiC planar MOSFET under 
25° C and 175° C.

at 175° C, crossovers among the I-V curves can be observed. This 
phenomenon can be explained by the clamping effect on the body 
diode: with the MOS channel path conducting current, due to the 
potential distribution inside device cell, a VBD-on higher than the body 
diode turn-on voltage is required to turn on the body diode. This 
VBD-on increases with device voltage rating and can be calculated as 
VBD-on=VF[1 RDRIFT/(RMOS + RJFET)].

To find the optimal gate control bias in the 3rd-quad conduction, 
a dc-dc buck converter was built up using a 10 kV SiC MOSFET 
half-bridge power module. The circuit schematic and the test setup 
are shown in Fig. 2(a) and (b). From the test waveform shown in 
Fig. 2(c) and (d), at 50° C, VGS of 15 V provides lower VF

3rd for the 
low-side MOSFETs. However, at 150° C, VGS of -5 V provides lower 
VF

3rd. Note the same reverse recovery loss is expected for two VGS 
controls due to the need for dead time (VGS of -5 V). This indicates 
that a negative VGS leads to the minimal loss for 3rd-quad operation of 
10 kV SiC MOSFETs at high temperatures.

(a) (b)

(a)

(c)

(b)

(d)

(c) (d)
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PCB-Interposer-on-DBC Packaging
of 650 V, 120 A GaN HEMTs 

Gallium nitride, high-electron mobility transistors (GaN 
HEMTs) are favored power devices because of their low on-
resistance, fast switching, and high-temperature capability. 

However, to realize the device’s full potential in high frequency and 
high power applications, their packaging faces significant challenges. 
First, both the driving- and power-loop parasitic inductances of a 
GaN HEMT package need to be drastically reduced to minimize the 
voltage spike, ringing, and electromagnetic interference (EMI) nois-
es caused by high di/dt. Second, the package footprint needs to be 
small to increase power density. Third, the junction-to-case thermal 
resistance, Rθjc, should be small for effective heat extraction from a 
junction to the outside of package. 

 To achieve small package parasitic inductances and a large foot-
print ratio, many have taken the approach of embedding bare die 
into printed circuit boards (PCBs). One version of this PCB approach 
requires a 5-10 μm copper finish on the device, not a standard pro-
cess in die fabrication. And, to protect the die surface, an extra buffer 
layer is required to avoid damaging the die surface when using UV 
laser drilling holes in the PCB. Other versions of the approach use 
mechanical drilling to create channels in the die surface and rely on 
stud bump or a foam interposer for the PCB-to-die interconnection. 
These versions are not effective for heat dissipation. Yet another 
version uses a four-layer PCB with die buried between the second 
and third copper layer and the device’s thermal pad connected to the 
bottom copper layer. This one has a larger junction-to-case thermal 
resistance and a lower thermo-mechanical reliability due to a large 
CTE mismatch between the PCB and GaN die. 

This paper introduces an alternative packaging approach that 
combines a PCB interposer for device interconnection and a DBC 
substrate for heat dissipation, electrical isolation and lower CTE 
mismatch. To achieve low parasitic inductances, the bare die’s gate, 
drain, and source pads were connected directly to the PCB interposer 
via gold-plated pins. The footprint of the packaged device is similar 
to that of the bare die. Gate drivers and other driver components can 
also be surface-mounted on the PCB. To improve heat extraction 
and provide electrical isolation from device’s substrate to heat sink, 
we used an AlN DBC substrate and silver sintering for die-attach Fig. 2. The cross-section view of the GaN HEMT package.

Fig. 1. The front view of the GaN HEMT package.

and pin connections. To ensure the mechanical robustness of the 
package, we applied underfills between the PCB and DBC. The front 
view of the package is shown in Fig. 1, and the cross-section view is 
shown in Fig. 2. 
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Common-Mode EMI Noise Reduction for Interleaved 
Multichannel, GaN-Based PFC Converter

By adopting a GaN device in power factor correction (PFC) con-
verters, switching frequency can be increased up to the MHz 
range, with dramatic improvement in power density and with-

out costing efficiency. Furthermore, the inductor value is reduced 
dramatically with more opportunities to integrate PCB windings 
into magnetics. With a PCB-based winding structure, opportunities 
for high-frequency EMI common-mode (CM) noise reduction, pre-
viously inconceivable due to the uncontrollable equivalent parallel 
capacitor (EPC) and equivalent parallel resistor (EPR), is possible to 
be realized with a balance technique. 

To enhance the high-frequency balance in a PFC converter, a 
novel PCB winding structure with an integrated coupled inductor is 
proposed. A CM-noise model and balance conditions for minimiz-
ing CM noise is derived. Moreover, ground loop impacts for high-
frequency noise are studied. 

A two-phase, interleaved totem-pole PFC converter with GaN 
device (1-3 MHz switching frequency) is built up to verify the pro-
posed balance inductor structure. Two balance inductors are intro-
duced in the return path for CM noise reduction. All four of the in-
ductors in the PFC circuit are integrated into a single EI magnetic 
core with six layers of PCB windings. Experimental results show that 

Fig. 1. Measured common mode noise compare for cases without balance 
and with balance in the MHz GaN-based totem-pole PFC.

balance conditions are achieved in the whole interested frequency 
range (150 kHz–30 MHz) with 20 dB uniform CM noise reduction. 
At the same time, resonant frequency due to ground loop is increased 
beyond 30 MHz so that the ground loop impact in the interested 
frequency range is eliminated.
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Dynamic RDS(on) Evaluation of 650 V GaN e-HEMT Devices 
in Forward and Reverse Conduction Mode

The gallium nitride (GaN) device is one of the promising can-
didates for high-efficiency and high-density power conversion 
applications owing to its superior performance. However, one 

of the known and critical problems is the dynamic RDS(on) issue that 
leads to higher on-state resistance following off-state voltage stress 
and switching transition. Increased on-resistance means lower loss 
estimation during converter design, which may further cause ther-
mal issues. In this paper, the dynamic RDS(on)  of a commercial GaN 
e-HEMT is evaluated from the converter operation aspect in a dou-
ble-pulse test (DPT). Finally, the impact of dynamic RDS(on) is tested 
in a soft-switching converter, which is preferred for GaN devices in 
high-frequency implementation. 

A full-bridge circuit is used to compare dynamic RDS(on) under 
different working conditions in DPT. In the test before double-pulse 
is triggered, the device under test (DUT) is kept on to avoid an extra 
uncontrollable voltage stressing period, which has a large impact on 
the dynamic RDS(on) value and leads to unfair comparison between dif-
ferent conditions. A resistor is added in the circuit to prevent a short 
circuit during the initial on-time and control case temperature by 
tuning the dc current. Additionally, static RDS(on) can be obtained in-
stantaneously before DPT during the dc current conduction period. 
Therefore, static and dynamic RDS(on)  are measured using the same 
method and under the same conditions. Three operation modes are 
designed to investigate the impact of off-state voltage, switching 
function and current conduction direction at room temperature. In 
all three cases, RDS(on) is calculated by Ohm’s law during the second 
on-state period following a controllable off-state voltage stress. In-
stead of using the clamping circuit, a clipper test probe as shown in 
Fig.1 is used to measure VDS(on), which retains accuracy when the de-
vice is heated.

Ratios of dynamic RDS(on) over static RDS(on) under different work-
ing conditions are shown in Fig. 2. In each mode, dynamic RDS(on)is 
extracted at 1 μs after the device under test turns on. It is obvious that 
at room temperature dynamic RDS(on) is higher as the off-state voltage 
bias increases, which is consistent with the general understanding 
of GaN HEMT devices from previous work. Furthermore, dynamic 
RDS(on) following hard switching is higher after soft switching due to 
the impact of hot electron injections. However, there is not much 
difference between different current conduction direction. At room 
temperature, dynamic RDS(on) is 30% higher than static RDS(on) in the 

Fig. 2. Rdynamic/Rstatic under different impact factors in double-pulse test.

Fig. 1. Dynamic RDS(on) measurement test setup.

worst case. While at high temperature this issue is less severe, the 
dynamic RDS(on) value is closer to the static one as the case tempera-
ture increases. Lastly, a series resonant converter is employed for 
soft-switching continuous tests. Dynamic RDS(on) variation with the 
converter running under a different saturation temperature can be 
tested by this converter.
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Insulation Online Monitoring for Critical Components 
Inside a SiC-Based Medium-Voltage Converter 
Prototype

The schematic of a self-designed medium voltage (MV) modular 
converter equipped with one 10 kV SiC MOSFET half-bridge 
module is shown in Fig. 1. Depending on the numbers of con-

verters in series and the real ground location, electric field (E-field) 
intensity along the power interconnectors (marked as 1 in red in 
Fig. 1) and PCBs-to-air interfaces (marked as 2 in red in Fig. 1.) can 
be significant to initial massive surface discharge.

If surface discharge occurs on the power terminals (regions 
marked as 1 in Fig.1), on the one hand, it could introduce significant 
overvoltage to module power or driving terminals and thus dam-
age the power devices. On the other hand, it could generate radiated 
noise, which makes the nearby sensing circuitry read incorrect mea-
surements. Meanwhile, surface discharge on sensitive circuitry, like 
the driving and auxiliary power supply circuits (regions marked as 2 
in Fig. 1), can destroy the ICs directly leading to the catastrophic fail-
ure of the entire converter. In summary, online insulation monitor-
ing for possible surface discharges can have great value for converter 
maintenance and safety operations.

Fig. 2. Two types of sensor structure. 
(a) Silicon photomultiplier based PD sensor with its read-out circuit 
(b) Fabry-Pérot Fiber-Optic acoustic PD sensor and its detection system 

Fig. 1. Schematic of half-bridge med. voltage modular converter.

Two novel types of surface discharge sensors are proposed in 
this paper. The silicon photomultiplier (SiPM)-based optical partial 
discharge (PD) sensor is shown in Fig. 2(a), while the Fabry-Pérot 
(F-P) fiber-optic acoustic PD sensor head with its detection system 
schematic is shown in Fig. 2(b). They are both compact in size with 
good isolation level and high immunity to the on-site EMI.

Based on the experimental test results, both sensors can be 
placed inside the converter and thus realize the surface discharge 
online monitoring by capturing either the acoustic signal or the pho-
tons that are generated by the discharge events. The SiPM-based op-
tical PD sensor has a relatively simple structure and can be integrated 
easily. However, it has limitations such as low background light leak-
age inside the converter. The F-P Fiber-Optic acoustic PD sensor 
has fewer limitations and can also be applied for PD localization, if a 
sensor array is implemented. The localization accuracy about 20 cm 
can be achieved, if the sensor array is properly designed and installed. 
However, it contains more parts in the detection system, which leads 
to higher cost and more issues for system integration.
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External Insulation Design and Assessment for 
Critical Components in a Medium-Voltage SiC-based 
Converter Via Optical Method

For compact and reliable insulation design, electric field (E-field) 
intensity inside converters should be well controlled to avoid 
any partial discharge (PD). Usually, if PD happens in defects of 

solid insulation, it is called internal discharge. In contrast, if PD oc-
curs in air along exposed metal or insulator interfaces, it is called 
external discharge. Accordingly, methods to explore PD in air should 
be assigned to the external insulation design and assessment cate-
gory.

External insulation design can be very important for power con-
verters. Experimental investigation of PD in air under PWM excita-
tion has been applied, in order to establish proper design and assess-
ment guidelines for power converter application. The experimental 
measurement system and typical time domain PD waveform under 
PWM excitation are shown in Fig. 1. Based on all the experimental 
data and mechanism analysis, several external insulation design and 
assessment guidelines for power electronics application can be sum-
marized. The external insulation and assessment should iterate until 
the final design achieves an external discharge free state under the 
normal operation voltage and passes the experimental assessment. A 
flowchart that demonstrates the iteration process of external insula-
tion design and assessment, is provided in the paper.

Targeting an external, discharge-free, single-turn inductor and 
transformer in an auxiliary power circuit, used in the self-designed 
medium voltage modular converter, have been designed, fabricated 
and tested. As shown in Fig. 2, there is significant E-field crowd-
ing at the terminations of the original single-turn inductor design, 
showing that obvious external PD occurs even under relatively low 
voltage. After applying a high permittivity material on those termi-
nations, the E-field intensity in air reduces to an acceptable level and 
thus can pass the experimental assessment. The experimental data 
on representative coupons, design flowchart and examples provided 
in this paper should help other engineers during the development of 
MV converters.

Fig. 2. Original single-turn inductor design with electric field crowding at 
terminations and a typical phase-resolved PD pattern.

Fig. 1. Partial discharge measurement system and typical time domain PD 
waveform under PWM excitation.
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Insulation Design and Assessment Considerations  
to Eliminate Partial Discharge in SiC-based  
Medium-Voltage Converters

For compact and reliable insulation design, partial discharge (PD) 
must be eliminated to achieve the desired lifetime of the insula-
tion system and guarantee the safe operation of the converter 

system. With a PD-free design, lifetime-based insulation design can 
be further applied. For eliminating PD in converter systems, power 
electronics engineers, who try to design and evaluate their converter 
insulation, usually need to answer four major questions: 1) What are 
the critical components or interconnections for insulation design 
and assessment in SiC-based modular converters; 2) How can the ex-
perimental investigation on representative insulation structures help 
the design of the converter prototype; 3) What can be the practical 
ways for electric field (E-field) management; 4) How can experimen-
tal insulation assessment be applied properly in converter applica-
tion for acceptance test or improvement verification purposes.

With a self-designed SiC-based medium-voltage modular con-
verter as shown in Fig. 1, a systematic review and summary are pro-
vided to fully analyze the critical insulation regions inside such con-
verters. Then, experimental investigation data for PD under PWM 
excitation is summarized and discussed. Admittedly, due to the ef-
fectiveness of measurement methods, most experimental data today 
is based on simple representative coupons and may lack a physics-
based explanation; this can still give application engineers a sense for 
the design. Based on the design guidelines from experimental inves-
tigation, further E-field management can help improve the insula-
tion in converters. General E-field management methods and their 
possible adverse effects on other design aspects of the power con-
verters are demonstrated with examples. Finally, in order to verify 
the insulation improvement or provide some ways for acceptance 
tests, experimental insulation assessment methods under 60 Hz ac, dc 

Fig. 1. A 3D concept drawing of a self-designed medium-voltage modular 
converter equipped with 10 kV SiC MOSFET (PEBB 6000).

and PWM excitation are discussed and compared. Depending on the 
purposes, conventional 60 Hz ac and dc tests may be more effective 
and practical than tests under PWM excitation. With the summary 
of related CPES experience and results published by other research-
ers, this paper should apply a better perspective on the four questions 
mentioned above and provide a framework for related research work 
in the future.



137CPES ANNUAL REPORT 2020

Wide Bandgap  
High Power Converters  
& Systems (WBG-HPCS)  
Consortium Nuggets
138 Figures-of-Merit and a Current Metric for the Comparison of IGCTs  

and IGBTs in Modular Multilevel Converters

139 Characterization, Reliability and Packaging for a 300° C SiC MOSFET

140 Imbalance Mechanism and Balancing Control of DC Voltages  
in a Transformerless Series Injector Based on Paralleled H-Bridge 
Converters for AC Impedance Measurement

141 Three-Terminal Common-Mode EMI Model for EMI Generation, 
Propagation, and Mitigation in a Full-SiC Three-Phase UPS Module

142 A Series-Series-CL Resonant Converter for Wireless Power Transfer  
in an Auxiliary Power Network

143 Development of an Impedance Measurement Unit for 1 kV DC and 
800 V AC Systems

144 Design and Assessment of a Medium-Voltage Power Cell Based on High-
Current, 10 kV SiC MOSFET Half-Bridge Modules

145 Smart Nanogrid System and Energy Management Algorithm for 
Sustainable Houses

146 Stability Analysis of Power Systems with Multiple STATCOMs in Close 
Proximity

147 Analysis of STATCOM Small-Signal Impedance in the Synchronous D-Q 
Frame

148 A Synchronous Distributed Control and Communication Network for SiC-
Based Modular Power Converters 



138 NUGGETS | WBG-HPCS

Figures-of-Merit and a Current Metric
for the Comparison of IGCTs and IGBTs
in Modular Multilevel Converters

IGCTs and IGBTs are compared in the case of a HVDC MMC. 
Because of the different principles IGBTs and IGCTs operate on, 
they cannot be compared directly from the figures quoted in their 

datasheets. Therefore, we introduce new figures of merit (FOMs) 
and a current metric, as a means for easy and accurate selection of 
semiconductor switches for an MMC application. Simulation is used 
to validate the FOMs. This analysis supports the growing interest in 
IGCTs for MMCs that can be seen in some papers.

Using an analytical model of the MMC, an equivalent current 
rating to the IGBT dc-current has been built for the IGCT based on 
the IGCT average current. The ratings of the different semiconduc-
tors are displayed Fig. 1.

Two figures of merit have been built to reflect the losses of the 
semiconductors: the conductive losses for one FOM, and the switch-
ing losses for the other one. The conductive losses’ FOM is the ratio 
between the average on-state voltage and the blocking voltage. The 
switching losses’ FOM is the ratio of the switching energy (written 
on the datasheet) over the product of the current and the voltage 
used for the measure of the datasheet switching energy.

To verify the relevance of those FOMs, the losses of the semi-
conductors have been calculated with an MMC dynamic model, 
imitating a real-time MMC operation, with a balancing control al-
gorithm and a nearest level modulation MMC control. For the par-
ticular case of one MMC, Fig. 2. illustrates the coherence between 
the FOMs (left) and the simulated losses (right). Fig. 2. Comparison of the losses in MMC (right) and the FOMs developed 

in the paper (left).

Fig. 1. Ratings of semiconductors with the current rating of the paper.
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Characterization, Reliability and Packaging
for a 300° C SiC MOSFET

This paper presents work done to explore the temperature limits 
of current generation SiC MOSFETs and provides the ground-
work for developing a power module capable of reliable op-

eration at ambient temperatures of 250° C. Since device self-heating 
causes the junction temperatures to be greater than 250° C, testing 
was performed at 300° C. 

A three-terminal package is developed for high-temperature 
testing. Static characterization is performed for the custom pack-
age. Finally, reliability tests in the form of high temperature gate 
bias (HTGB) and high temperature reverse bias (HTRB) conditions 
are performed to determine the elevated temperature lifetime of SiC 
MOSFETs. 

Fig. 1 shows the high temperature package created for reliability 
testing. A 1 kV SiC Wolfspeed CPM3-1000-0065B MOSFET die is 
selected for testing.

Fig. 2. Failure rate of HTGB and HTRB tests.Fig. 1. High temperature package for SiC MOSFET.

Fig. 2 shows the results for the HTGB and HTRB tests. These 
tests were designed in accordance to standards listed in JEDEC’s 
A108C and Automotive Electronics Council’s (AEC) Q101 forms. 
Incremental static characterization was performed on the devices 
during the test. Every 100 hours, the devices were measured on the 
Agilent B1505A curve tracer. Failure was defined to be any charac-
teristic outside of nominal datasheet values. 

Although successful static characterization at 300° C supports 
the idea that short-term operation of SiC MOSFETs at high tem-
peratures is possible, experimental results show that current genera-
tion SiC MOSFETs are not reliable at temperatures of 300° C. The 
devices quickly break down over a period of 300 hours when stressed 
with accelerated lifetime bias tests. 
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Imbalance Mechanism and Balancing Control
of DC Voltages in a Transformerless Series Injector
Based on Paralleled H-Bridge Converters
for AC Impedance Measurement

Small-signal stability of ac power systems can be assessed by 
measuring terminal impedances with a transformerless series 
injector for wideband measurement of source and load imped-

ances. A typical implementation of the transformerless series injec-
tor is a paralleled H-bridge (PHB) converter, shown in Fig. 1, where 
dc voltage imbalance will occur when the system-current magnitude 
is larger than a critical threshold, and thus the operation region of 
the series injector is seriously restricted. To address this issue, this 
work presents a deep analysis of the mechanism behind dc voltage 
imbalance for a PHB-based series injector, and reveals that positive 
feedback exists in the dc voltage-balancing loop under high system-
current magnitude. An enhanced control scheme is proposed to bal-
ance dc voltages in the full system-current range, where a reactive 
component is injected in the output voltage while a reactive circulat-
ing current is introduced among H-bridge converters for redistrib-
uting active power. The imbalance mechanism of dc voltages in the 
existing control scheme is analyzed, revealing that positive feedback 
appears in the dc voltage balancing loop when the system-current 
magnitude exceeds a critical threshold determined by the power 
losses characteristic of H-bridge converters. Furthermore, an en-
hanced control scheme is proposed to make the PHB operate safely 
in the full system-current range by introducing reactive components 
in output voltage and a reactive circulating current among H-bridge 
converters for redistributing active power. The proposed scheme 
also proves that dc voltages of PHB can be balanced within the full 
system-current range with a properly designed reactive component 
magnitude of the output voltage. The imbalance mechanism of dc 
voltages in the existing scheme and the feasibility of the proposed 
scheme are demonstrated by both simulation and experimental re-
sults. The proposed control scheme extends the system-current ca-

Fig. 1. Power stage of the impedance measurement setup for a three-
phase ac power system using a transformerless series injector based 
on three PHB converters.

pability of PHB and will be attractive in ac impedance measurement 
applications.

The system behavior with the proposed scheme is comprehen-
sively analyzed in this paper, and the reference design for the injected 
reactive component magnitude in the output voltage is offered. Fi-
nally, the imbalance mechanism and the proposed scheme are vali-
dated by simulation and experimental results.
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Three-Terminal Common-Mode EMI Model
for EMI Generation, Propagation, and Mitigation
in a Full-SiC Three-Phase UPS Module

With superior loss characteristics, wide bandgap devices such 
as silicon carbide (SiC) MOSFETs are expected to replace 
Si-IGBTs in grid-connected applications. Uninterruptible 

power supply (UPS) is an application in which low loss from SiC 
devices can largely improve the system efficiency. However, fast 
switching of a SiC MOSFET worsens the electromagnetic interfer-
ence (EMI). In addition, the UPS is comprised of multiple converters 
wherein different combinations of the converters take part in power 
transfer depending on the mode of operation. This complicates the 
prediction and strategies for noise, especially the common-mode 
(CM) part.

The UPS under study is composed of three power conversion 
stages: a rectifier, an inverter for ac-ac conversion, and an active 
battery charger with a battery rack as energy storage. The complete 
UPS model for EMI is derived as shown in Fig. 1. The common-
mode voltage (CMV) of each power conversion stage (vcm,REC, vcm,INV, 
vcm,DCDC) is defined as the average terminal output voltage referring to 
the mid-point of the dc-link. The model also includes the impedance 
of the LISN (ZLISN), the impedance of the resistive loads (RLOAD), the 
impedance of the switching harmonic filters (Zf,ac, Af,dc), as well as the 
parasitic components (Cs, Cs2, Cbus, Ccabinet, and Lcabinet).

The model provides insight into how CM noise will change 
when the dc-dc converter operates. When it operates, the CM noise 
generated by the rectifier, inverter, and dc-dc converter propagates 
through the battery cabinet to the ground. Within this path, the 
parasitic components of the battery cabinet are present and create 
resonances with the dc inductor. Together with additional CMV 

Fig. 2. Experimental results for CM EMI depending on the modes of 
operation.

Fig. 1. CM EMI model of UPS and noise propagation paths to LISN.

generation, these resonances deteriorate the CM noise profile.
Based on the developed model, an EMI mitigation strategy for 

UPS is investigated with the focus on topology and PWM scheme 
selection. The three-level topology with LMZVM is selected for the 
rectifier and inverter implementation as it has lower CM emission 
and provides a good control of neutral point voltage. The three-
level bi-directional dc-dc converter with a synchronized switching 
sequence is selected for the dc-dc stage as it has eliminated CM emis-
sion in ideal conditions, and it provides good manufacturability by 
sharing the same phase-leg with the ac-ac stage.

A 20 kW full SiC UPS has been built to verify the impact of 
dc-dc converter operation and the mitigation strategy. All the power 
conversion stages utilize 1.2 kV 40 A full-SiC NPC modules and have 
a switching frequency of 60 kHz. The CM noise spectra for two dif-
ferent modes of operation are compared, as shown in Fig. 2. With 
the dc-dc converter operation, the CM harmonic component at 180 
kHz is increased by 6.8 dB. This is critical for the EMI filter design. 
Over 1–2 MHz, the CM noise has been increased by a maximum of 
12.5 dB. Over 2–30 MHz, a high increase in the CM noise was ob-
served, which does not exist in the double-conversion mode.
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A Series-Series-CL Resonant Converter for Wireless 
Power Transfer in an Auxiliary Power Network

This paper proposes a 1 MHz switching frequen-
cy, 48 V to 48 V, 92%-efficiency series/series-
CL (S/S-CL) GaN-based resonant converter for 

wireless power transfer. This type of topology can 
compensate reactive power, thus increasing system 
efficiency, generating a constant output voltage that 
can be tuned by changing one pair of LC parameters, 
and keeping a symmetrical coil structure, simplifying 
design and optimization.

As shown in Fig. 1, an S/S-CL topology is pro-
posed to meet all the requirements for the WPT as the auxiliary 
power supply. Capacitor C1 is in resonance with the self-inductance 
of the primary side coil LI1 working as a constant current source. The 
capacitor C2 is used to adjust the load impedance of the full-bridge 
inverter to reduce reactive power and achieve ZVS for primary-side 
MOSFETs. The CrLr pair will change the constant current (CC) 
source to a constant voltage (CV) source, forming a load-indepen-
dant voltage source. This topology can thereby achieve coupling-
independent resonant frequecy and load-independent output volt-
age, and the output voltage can be adjusted by changing a pair of LC 
parameters.

Fig. 2 shows the gate signal, jumping node voltage, and current 
of both the primary and secondary side. From the zoomed-in wave-
form, ZVS is achieved for soft switching, and i1 is almost in-phase 
with vA, which means the system reactive power is minimized.

Fig. 2. Operating waveforms of the WPT converter.

Fig. 1. S/S-CL topology for wireless power transfer converter.
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Development of an Impedance Measurement Unit
for 1 kV DC and 800 V AC Systems

The small-signal instability of ac-dc power systems with multiple 
power electronics converters interconnected can be effectively 
analyzed by applying a Nyquist criterion to their small signal 

terminal impedances. The impedance measurement unit (IMU) is 
a professional setup used to characterize the terminal impedance of 
both the source subsystem and the load subsystem. The IMU injects 
a small perturbation signal at various selected frequencies into the 
system, while corresponding responses of current and voltage at the 
subsystem terminals are recorded and then processed to compute 
subsystem impedances over the frequency range of interest.

Fig. 1 shows the IMU power-stage topology capable of char-
acterizing impedances of 1 kV dc and 800 V ac networks in the fre-
quency range of 10 Hz–1 kHz. The power-stage comprises three 
power electronics building blocks (PEBBs) and a switching network. 
Each PEBB is an H-bridge converter with maximum 200 A current 
capability and 1 kV-rated dc-side voltage and is built using 1.7-kV 
SiC MOSFET. By configuring the state of the switching network, 
the IMU can work in shunt current and series voltage injection 
mode, both of which are needed to accurately measure subsystem 
impedances. In shunt mode, PEBBs are configured as a five-level 
cascaded H-bridge converter with 3 kV dc voltage in total to inject 
current perturbation for source impedance characterization. In se-
ries mode, PEBBs are configured as a parallel-interleaved converter 
to inject voltage perturbation for load impedance characterization, 
and controlled to equally share the system current. The IMU control 
is implemented based on the distributed control scheme in which 
PWM signals of each PEBB are generated by a local slave controller, 
and a master controller connects with all slave controllers through a 
ring-type communication network to obtain circuit states and real-
ize high-level control. The IMU is designed and implemented with a 
modular and scalable structure and consequently can be extended to 
medium voltage level. 

A hardware prototype has been bulit as shown in Fig. 2 and 
tested at the rated working condition to validate its impedance iditi-
fication capability.

Fig. 2. IMU hardware prototype.

Fig. 1. Power stage of the impedance measurement setup.
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Design and Assessment of a Medium-Voltage
Power Cell Based on High-Current,
10 kV SiC MOSFET Half-Bridge Modules

Rapid technology improvement of SiC MOSFET transistors 
combined with their extraordinary characteristics are key driv-
ers for their utilization in medium-voltage (MV) applications. 

For typical MV modular converter applications, the power cell is a 
critical piece. Power cell systematic design and assessment method-
ology are crucial for preventing damage and for full testing that also 
explores capabilities prior to implementation at the converter level. 
Proven successful utilization of SiC MOSFET devices, together with 
their superior characteristics, are slowly overtaking power cell de-
signs, currently dominated by Si IGBTs. Recent advances have been 
made in the design of power cells with 1.2 kV, 1.7 kV and 10 kV SiC 
MOSFETs.

 Accordingly, design considerations and available solutions for 
the design of a power cell utilizing high current, 10 kV, SiC MOS-
FETs in MV applications is presented. Furthermore, the systematic 
design and assessment framework process of the power cell is pro-
vided. Critical insulation considerations and testing procedures are 

Fig. 2. Comparison between estimated and measured power cell 
efficiency for variable current range, Vdc = 6 kV, duty cycle d = 50% in 
dc-dc pumpback, at 5 kHz and 10 kHz.

Fig. 1. Photographs of the 10 kV SiC MOSFET-based half-bridge power cell 
(a) power cell with constitutive parts outside enclosure, (b) power cell 
enclosure. Power density: 11.9 kW/L (195 W/in3), calculated based on 
maximum input values. All clearance and creepage distances and solid 
insulation material thicknesses comply with the IEC 60664.

described, confirming partial-discharge-free (PD-free) operation at 
the rated voltage of the power cell. Safe operating area (SOA) is de-
rived for a single dc-dc case with a duty cycle of 50% for a designed 
cooling system. However, the described methodology would be the 
same for any case in dc-dc or dc-ac operation mode. The thermal 
model is 90% accurate, showing an acceptable maximum difference 
of 8° C, which is, considering the complexity of the system and its 
cooling, extremely valuable for proving thermal modeling method-
ology. Additionally, the designed enhanced gate-driver (eGD) suc-
cessfully deals with electromagnetic interference (EMI) issues caused 
by having high slew rate voltage transients. The designed MV power 
cell (shown in Fig. 1) for utilization in modular multilevel con-
verter (MMC) applications having the latest 10 kV SiC MOSFET 
half-bridge (HB) module achieved power density (PD) ≥ 10 kW/l, 
η ≥ 99% (shown in Fig. 2) and successfully operated at Vdc = 6 kV, 
I = 84 A, fsw  ≥ 5 kHz, Tj ≤ 150° C in both both dc-dc and dc-ac mode, 
having high-switching speeds up to dv/dt ≈ 100 V/ns.

(a) (b)
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Smart Nanogrid System and Energy Management 
Algorithm for Sustainable Houses

Technology advancements that happened in the last two decades 
have changed the way how people live, interact, and work 
more than any technology in the past 100 years. Not only little 

“gadgets” enabled this enormous paradigm shift; the new innovative 
concepts have been well integrated into the design and manufactur-
ing of computers, appliances, automobiles, airplanes, and ships, and 
more recently, these concepts are being applied to the homes where 
building practices, by contrast, experienced a very slow, if not re-
sistant effort to advance. Interest has grown since Virginia Tech’s 
demonstration of the use of advanced manufacturing concepts, pre-
fabricated structures, and a great number of power electronics to re-
define the conventional practice of modern home design. Its smart 
house, called FutureHAUS, won first place at the international com-
petition in Dubai, UAE, validating an enormous societal desire to see 
this technology implemented. CPES was a major contributor to this 
gratifying victory.

FutureHAUS featured a CPES-designed, advanced power elec-
tronics system —a nanogrid, built to achieve a net-positive energy 
balance in the FutureHAUS, utterly minimizing, if not eliminating, 

Fig. 2. Solar energy utilization.Fig. 1. FutureHAUS nanogrid system.

utility grid dependence. Fig. 2 shows the utilization of solar ener-
gy during the test period (the dashed black line shows cumulative 
power production, the solid one is cumulative consumption, and the 
red shows solar power production). It comprised five solar arrays, 
aggregately contributing close to 14 kW of peak power. Each solar 
array featured a dedicated charge controller for increased reliability, 
as well as for independent, per string, maximum power point track-
ing. An installed 14 kWh battery was the safest and least polluting 
rechargeable battery that could be found on the market, built with 
very high environmental standards and safe to be stored indoors 
with no need for venting or cooling. Furthermore, the efficient and 
contemporary 8 kW power inverter interfaced photovoltaics and 
batteries with the utility grid and served as a main generator of the 
FutureHAUS clean energy. This inverter has been controlled with 
an advanced energy management algorithm that goes beyond the 
traditional residential system control. This paper gives an overview 
of the whole project with a focus on the technical description of the 
FutureHAUS nanogrid system and energy management algorithm.
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Stability Analysis of Power Systems
with Multiple STATCOMs in Close Proximity

Recently, multiple static synchronous compensator (STAT-
COM) units have been adopted in power transmission systems 
to obtain a better voltage regulation and to share loads. How-

ever, as in Fig. 1, these units and systems could possibly interact in 
a negative way instead of helping each other due to the improper 
design of the STATCOM controllers. To analyze this problem, a d–q 
frame impedance-based stability analysis was used to explore the in-
stability with the presence of STATCOMs, where previous stability-
related findings are not applicable directly because of some unique 
STATCOM features. This paper identifies the frequency range of 
interactions from the viewpoint of d–q frame impedances and pin-
points that the ac voltage regulation was the main reason for insta-
bility, masking the effects of a phase-locked loop (PLL) on power 
transmission systems. In addition, due to the high impedance of 
STATCOMs around the frequency range of interactions, the num-
ber of connected STATCOMs was the main contributor to instabil-
ity instead of the topology of power systems or the locations of the 
STATCOMs. A scaled-down 2-STATCOM power grid was built to 
verify the conclusions experimentally. This paper is accompanied by 
a video showing instability between STATCOMs in the experiment.

In this work, potential instability in power systems with mul-
tiple STATCOMs in proximity was found due to the design of 
STATCOM controllers: the ac voltage controller, the PLL, and the 
QV droop controller. A d–q frame impedance-based stability analysis 
was used to explore the instability. From the analysis, the following 
conclusions were obtained. First, STATCOMs were seen to interact 
with each other through the transmission lines due to the relatively 
high magnitude of their impedances with respect to those of the 
lines. Second, the use of d–q frame impedances identified the fre-
quency range of interactions. The ac voltage regulation was the main 
reason for instability among STATCOM controllers and masked 
the effects of PLL in transmission systems. This kind of instability Fig. 1. Potential instability due to ac voltage loop.

adds new knowledge about three-phase ac systems, besides CPL dy-
namics and synchronization, with the presence of STATCOMs. Al-
though STATCOMs synchronize with the power grid, the instability 
is nonetheless due to ac voltage regulation. Third, due to the large 
impedance of STATCOMs around the frequency range of interac-
tions, the number of connected STATCOMs was the main contribu-
tor to instability instead of the topology of the power system or the 
locations of the STATCOMs. The high magnitude of STATCOM 
impedance around oscillatory frequency range makes it the domi-
nant reason for instability, while the topology of the power systems 
showed negligible influences. The use of alternative controllers 
could improve stability conditions, as they can damp the resonant 
peak in the STATCOM impedance, which could cause instability. 
However, this cannot avoid the onset of instability. Finally, a scaled-
down, two-STATCOM power grid was built to verify the conclu-
sions experimentally. Finding parameters that help in stabilization 
using the impedance-based method is essential but not easy because 
it is hard to correlate a specific control parameter to stable regions 
using simplified and straightforward relationships, as the exact pa-
rameter ranges that stabilize the system vary with the system param-
eters, such as line impedances, load flows, etc. This will be a future 
path of exploration.
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Analysis of STATCOM Small-Signal Impedance
in the Synchronous D-Q Frame

Small-signal model impedances of grid-tied converters have 
recently attracted researchers’ attention and have shown 
great importance in stability analysis. We propose an imped-

ance model in d-q frame for STATCOMs, including dynamics from 
synchronization, current loops, voltage loops and QV droop, which 
reveals the following significant features: 1) the impedance matrix 
is strongly coupled in d and q channels due to nearly zero power fac-
tor; 2) different behaviors of impedances at low frequency are due to  
inversed direction of reactive power; and 3) coupled small-signal 
propagation paths of the voltage are at the point of common coupling 
from synchronization and ac voltage regulation. All these character-
istics make it difficult to identify instability patterns and pinpoint the 
main contributor to instability among control loops using existing 
knowledge. To better understand the frequency coupling effects of 
STATCOMs, the d-q frame impedance model is further transformed 
in its complex matrix form. An example of possible instability with 
STATCOMs is presented and analyzed using the proposed model. 
The impedance model is verified experimentally with a scaled-down 
STATCOM prototype.

From the model proposed, the following conclusions are ex-
tracted. First, because of the inherent operating conditions of a 
STATCOM, the stability assessment directly from the d-q frame 
impedances is very difficult—as opposed to unity power factor recti-
fiers and inverters, for which a multivariable stability theorem using 
the return-ratio matrix product of the upstream and downstream 
impedances at a given ac interface must be used (for example, the 
GNC). Second, the ac voltage loop of the STATCOM is found to 
be the strongest contributor to its terminal impedance and conse-
quently to its small-signal stability conditions as shown in Fig. 1. 
This loop was shown to effectively mask the PLL dynamics, espe-
cially for proper system parameters of transmission grids, previ-
ously shown to be critical in grid-tied power converters. Third, and 
very importantly, the STATCOM impedance is shown to be able to Fig. 1. STATCOM impedances: with current loop (Zi) and with all loops (Zv).

behave both as a CPL rectifier and as a grid-tied inverter injecting 
power into the grid, from a dynamic standpoint, featuring a negative 
incremental input-impedance in its Zdd or Zqq impedance elements 
respectively, as a function of its reactive power injection mode (ca-
pacitive or inductive), and as a function of the relative phase between 
the d-q frame in question and the voltage at the PCC. These are all 
unique impedance characteristics that make the stability analysis in 
the presence of STATCOMs more involved than other unity power 
factor converters. Fourth, alternative control is also modeled, which 
revealed the impacts on impedance shaping to mitigate the new in-
stability pattern. A 2-STATCOM study case is simulated that vali-
dated the above conclusions. Lastly, the model is verified experimen-
tally using an IMU to measure the input-impedance of a 10-kVAR 
STATCOM prototype, which is shown to match up very well with 
the impedance obtained using the developed model.
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A Synchronous Distributed Control
and Communication Network
for SiC-Based Modular Power Converters 

A communication protocol is proposed and implemented on a 
four-node converter shown in Fig. 1. The distributed com-
munication system consists of one master and three slaves 

with linear daisy chain topology. The custom-made controller hard-
ware is designed at CPES, based on a TI TMS320 DSP and an Altera 
MAX 10 FPGA. The closed-loop control algorithm is mainly imple-
mented in the DSP, and the communication protocol is mainly im-
plemented in the FPGA. In addition to the communication network 
between the master controller and the slave controllers, there is also 
communication inside each node. For example, in the slave node, the 
slave controller communicates with four gate drivers and two sen-
sors, including one current sensor to measure the inductor current of 
the PEBB and one voltage sensor to measure the dc capacitor voltage 
of the PEBB. All of the sensing data will be transmitted to the master 
controller for the closed-loop control.

Since each PEBB is controlled by an individual controller, the 
synchronization among all of the controllers needs to be realized 
for the converter operation. The synchronization accuracy for four 
nodes is 25 ns. Based on the synchronization, the interleaved PWM 
waveforms for the three slaves are shown in Fig. 2. On the left is 
the trigger signal of a switching cycle for the three slaves, and on 
the right is the PWM waveform. The switching frequency for each 
PEBB is 20 kHz, and the communication frequency is 120 kHz. 

Fig. 2. Interleaved PWM generation for three slaves.

Fig. 1. Distributed control and communication network for the converter.

In summary, a synchronous distributed control and commu-
nication protocol is designed and verified for a SiC-based modu-
lar power converter. A new synchronization method based on the 
oversampling clock and data recovery syntonization and PTP-based 
synchronization is implemented in the system. The synchronization 
can be well controlled with the maximum synchronization accuracy 
of 25 ns among four nodes. A control and communication frequency 
of 120 kHz is realized with a custom-defined packet and protocol.
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Medium-Voltage Dual-Active Bridge Using 3.3 kV SiC 
MOSFETs for EV Charging Application

DC fast-charging stations are on the rise as the number of elec-
tric vehicles (EVs) on the road is increasing significantly. To 
reduce the charging time and extend the driving range of 

EVs, the development of high-power, off-board charging stations 
is necessary. The conventional architecture of a dc fast-charger in-
corporates either a local or a centralized front-end converter that 
interfaces the medium voltage (MV) grid via a low voltage (LV) line 
frequency transformer. However, such architecture is limited due to 
its large operational and installation costs. 

In this work, a different power delivery solution with an iso-
lated dual-active bridge (DAB) converter is proposed for a medium-
voltage connected EV charging architecture, as shown in Fig. 1. A 
matrix-type, modular system architecture is used to connect multiple 
cells in series in order to interface the medium-voltage grid. Each 
cell consists of a triple-active bridge, allowing multiple ports for a 

Fig. 2. (a) Triple-active bridge prototype and (b) 600 V input DAB operation.

(b)(a)

Fig. 1. Proposed MV connected multi-EV charging architecture.

single charging station for more EV charging capability. This struc-
ture can eliminate the line frequency service transformers, which are 
bulky and costly, and thus, reducing the size and installation costs 
of EV charging stations. Fig. 2 shows a picture of the triple-active 
bridge prototype with 2.5 kV input and dual 800 V outputs via high-
frequency, medium-voltage transformer. 
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Reliable Maximum Energy Damping Selection Strategy 
for Wave Energy Power Converters

Compared to other renewable energy technology, the wave en-
ergy converter (WEC) is still in the pre-commercialization 
stage due to its high levelized cost of energy (LCOE). Re-

searchers in wave energy harvesting have tried to increase power-
on-power converters through various optimal control algorithms, 
including maximum power point tracking (MPPT), optimal passive 
damping, and intermediate control with power limitation. Whereas 
only harvestable power has been considered in these optimal control 
algorithms, the lifetime of the power converter is a critical factor. 
Especially with higher peak and average power compared to other 
renewable energy converters, higher thermal fluctuation is expected 
to reduce the lifetime of the power module, as shown in Fig. 1. 

It is necessary to develop a control algorithm for power con-
verters to reduce the damage from thermal cycles and produce more 
energy. Fig. 2 shows the damping selection strategy to maximize the 
energy over different wave conditions. 

The annual wave control profile is then selected based on the 
map in Fig. 2 for maximum power and maximum energy strategy for 
each wave condition. Energy and power over certain wave condi-
tions is weighted based on its possibility over the course of a year, 

Fig. 3. Average power per year, and total recoverable energy on 
maximum power or maximum energy selecting strategy.

Fig. 2. Maximum energy and maximum power damping selection map on 
annual wave profile.

Fig. 1. Power and temperature fluctuation under nominal wave condition 
Hs = 1.25 m, Te = 6.5 s, Zin = 7.5 Ω. Output power of the power converter Po, 
and the junction temperature of the IGBT module Tj1-d1 are shown.

which sums up as the average power. Total recoverable energy is de-
rived from the energy of each irregular wave condition over the peri-
od Tirr, multiplied by the total numbers for each condition, and add-
ing up all the products. The final results for each selection strategy 
are shown in Fig. 3. With the maximum power strategy for damping 
selection, the average power over a year is higher than with a maxi-
mum energy strategy; in fact, the total recoverable energy is 38.5% 
higher when selecting damping with a maximum energy strategy.



152 NUGGETS | Sponsored

SST-Based 400 kW EV Fast Charger

To shorten the charging time, increase the efficiency, and reduce 
the volume of an electric vehicle charger, the key research is to 
replace the bulky line-frequency medium-voltage (MV) trans-

former cascaded by a low-voltage rectifier with a high-frequency 
MV ac-dc solid-state transformer (SST).

Fig. 1 shows the whole fast-charger system with 13.2 kV medi-
um-voltage input and 1.1 kV output voltage, and a three-level CLLC 
resonant converter circuit of cascaded submodules. This resonant 
converter is a dc-dc converter connected in SST. It converts the 15 
kW, 1.6 kV output from the PFC stage to the 1.1 kV dc bus powering 
the fast-charging module. 

Devices for both the primary side and secondary side are se-
lected based on device loss evaluation. Magnetizing inductance Lm 
and deadtime td are selected based on the requirement of zero voltage 
switching (ZVS). Transformer core material candidates are evaluated 
using the specialized core-loss measurement techniques developed at 
CPES, and the core material is selected based on the switching fre-

Fig. 2. Three-level CLLC resonant converter prototype.Fig. 1. System structure and one submodule.

quency. Litz wire is also selected based on the switching frequency. 
Considering the insulation requirement, the insulation materials 
and winding structures are evaluated and selected to minimize the 
transformer volume. The transformer loss is then calculated using 
the magnetic core loss model and litz wire winding loss model devel-
oped in CPES. Finally, all the transformer design parameters, such 
as number of turns, core loss density, and switching frequency, are 
optimized based on the trade-off between the volume and converter 
total loss, as well as winding loss and core loss. A prototype is built 
according to the optimized design, as shown in Fig. 2.

The CLLC resonant converter operation principles are analyzed 
and verified through experimental result. The efficiency of one sub-
module is tested and compared to the design result. Additionally, the 
insulation capability of the medium-voltage, high-frequency solid-
state transformer is also studied and discussed in the paper, especially 
its performance on the partial discharge test. 
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Series-Capacitor Buck Converter
with Soft Turn-On for Datacenters

Interleaved multiphase buck converters have been adopted for 
point-of-load regulation below 3.3 V and above 10 A from input 
voltage exceeding 12 V. The series-capacitor buck (SCB) convert-

er was synthesized by adding a series capacitor in a two-phase buck 
converter to reduce voltage stresses under steady state. Side benefits 
include doubling of the duty cycle, reduction of the switching loss, 
and equalization of the phase currents. Hard switching has hindered 
efforts to reduce volume via increasing the switching frequency, al-
though a monolithically integrated SCB converter has boosted cur-
rent density exceeding 60 A/cm3 in. The efficiency dropped by 5%, 
owing to the switching loss, as the frequency increased from 1 MHz 
to 3 MHz. 

Fig. 2. Efficiency and experimental waveforms of the prototype.Fig. 1. Resonant series-capacitor buck (RSCB) converter.

The resonant series capacitor buck (RSCB) converter with soft 
turn-on is synthesized by adding a parallel resonant tank next to the 
series-capacitor Cs, as demonstrated in Fig. 1. All switches turn on 
into zero-voltage (ZVOn), and low-side switches turn off from zero-
current (ZCOff). No snubber is needed to keep the switches’ stresses 
within the input voltage. A 2-MHz prototype with 48 V at the input, 
and 7V - 20 A at the output, was built to verify the design.

The peak efficiency of the RSCB prototype is 98.5%, and the 
full load efficiency is 97.3%, as shown in Fig. 2. The measured drain-
source voltages of all switches at nominal conditions are shown. All 
switches turn on into zero-voltage.
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Ultra-High-Frequency-Integrated, Coupled Inductor 
Design for Integrated VR in Smartphone Applications

As the number of cores in microprocessors and power demands 
increase in mobile applications, power management is crucial 
to the whole system. Due to low-frequency operation of volt-

age regulators in today’s smartphone products, passive components 
occupy lots of space on the motherboard. On the other hand, dy-
namic voltage and frequency scaling (DVFS) can help reduce power 
consumption of processors. However, traditional voltage regulators 
cannot support this function due to low-frequency operation and a 
long power delivery path. In order to provide a compact and effi-
cient power solution for high-performance processors, a three-di-
mensional integrated voltage regulator (IVR) operating at ultra-high 
frequency (>10 MHz) is proposed, shown in Fig. 1. The multi-phase 
inductor is just underneath the processor to shorten the power de-
livery path. One of the most challenging parts of IVR design is inte-
grated magnetic design with low volume and loss.

In this work, a novel, four-phase integrated coupled inductor 
structure is proposed, shown in Fig. 2. The structure exploration and 
design process are illustrated with the help of a finite element tool. 

Fig. 2. Four-phase integrated coupled inductor.Fig. 1. 3-dimensional IVR structure.

The new inductor structure, operating at 20 MHz switching fre-
quency, features a large current handling ability (15 A peak current) 
and a very small inductor loss (0.37 W) with a very small footprint 
(9.8 mm2) and profile (0.3 mm). The inductor sample is fabricated 
and experimentally tested to verify the design. The thermal perfor-
mance of the inductor is tested. The inductor is thermal manage-
able, even operating at 20 MHz due to large surface-area-to-volume 
ratio of a low-profile inductor structure. Compared with previous 
inductor design, 70% inductor loss reduction and a 40% footprint and 
thickness reduction are realized by the new inductor structure.
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High-Frequency PCB Winding Transformer
with Integrated Inductors
for a Bi-Directional Resonant Converter

Today, high power density, high-efficiency power electronics 
converters play a very important role in the telecommunica-
tion, automotive, datacenter, and aerospace industries. Mag-

netics, including both inductors and transformers, as a major part 
of the power converters, are currently the bottleneck for the size 
and weight reduction of the whole system. In addition, the manu-
facture of conventional magnetics (litz wire and copper-plate-based) 
is very labor intensive, and this obstructs the automated manufac-
ture of power converters. In this paper, a PCB-winding-based inte-
grated magnetic structure is proposed. It only requires a simple EI 
core to integrate both transformer and inductor together. By using 
the proposed structure, the leakage inductance of the transformer is 
controlled through the center leg air gap and is adjustable according 
to the requirements of different applications, while magnetizing in-
ductance is still controlled through outer leg air gap. Moreover, the 
proposed magnetic structure can be easily implemented using PCB 
winding, just like conventional planar transformers. 

Fig. 1 shows the winding structure of a proposed integrated 
transformer. In the paper, the reluctance model shown in Fig. 1 is 
clearly explained. The benefits of the proposed EI core transformer 
structure are obvious. The leakage flux is controlled by the reluc-
tance of the center leg air gap. If the center leg air-gap reluctance 

Fig. 2. Prototype picture.

Fig. 1. Integrated transformer and its reluctance model.

is large, less leakage flux will flow through it, resulting in smaller 
leakage inductance. If the center leg air-gap reluctance is small, more 
leakage flux will flow through it, resulting in larger leakage induc-
tance. In addition, compared with a conventional transformer, the 
leakage flux in the proposed magnetic structure is confined within 
the core instead of in the air. The confined flux can help with radi-
ated EMI and reduce eddy current loss in the surrounding metals.

A transformer winding loss model based on two-dimensional 
finite element analysis (FEA) simulation is built to quantify the im-
pact of magnetizing current and fringing. Transformer core loss can 
be calculated by the Steinmetz Equation, which is not only related 
to the transformer dimensions, but also related to the leakage and 
magnetizing inductances. With both winding loss and core loss, the 
total transformer loss can be calculated.

A 6.6 kW, 500 kHz on-board battery charger dc/dc stage pro-
totype is built to verify the proposed PCB transformer structure and 
optimization procedure, as shown in Fig. 2. A 1.2 kV SiC device 
from GE is used as the primary-side switch, and GS66516T from 
GaN systems is used as a secondary-side switch. The prototype has 
130-W/in3 power density, including the heatsink with 97.8% peak 
efficiency. The experimental results verify the proposed concept.
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High-Efficiency, High-Density DC-DC Converter
for Battery Charger Applications

Due to the concerns regarding increasing fuel cost and air pol-
lution, plug-in electric vehicles (PEVs) are drawing more and 
more attention. Range is the major drawback for electric cars, 

and the easiest way to increase it is to cram more storage capacity 
into a vehicle. The long charging period with EV’s own on-board-
charger (OBC) makes EVs incomparable with traditional cars. A fast 
charging technique is the most promising method to a short charg-
ing period. In Tesla’s supercharger station, a Model X P100D can 
be fully charged within 75 minutes based on its 135 kW charging 
capacity. Porsche, a German high-performance sports car manu-
facturer, developed a 350 kW dc fast-charger for its 800 V battery 
pack of Taycan. Electric vehicle infrastructures, such as ChargePoint, 
Electrify America, etc., have staked their investment on 350 kW or 
higher power fast-charging stations. Considering different battery 
voltage ranges in state-of-the-art EVs, it is worthwhile for investors 
developing a battery charger with a wide output voltage range from 
250 V to 800 V (or higher) to serve all mainstream EVs.

A modular approach is widely used in designing high power 
converters. In this paper, a bi-directional, isolated dc-dc converter 
with 850 V input voltage and 250-800 V output voltage is presented. 
By utilizing the three-phase interleaved CLLC resonant converter 
as the dc-dc stage, the charging power for one module is pushed to 

Fig. 2. Prototype picture.

Fig. 1. Topology of proposed dc-dc converter.

12.5 kW. It can operate bi-directionally and achieve soft-switching 
with proper control. As a result, the switching frequency is pushed 
to 500 kHz to help reduce the converter size and weight. With the 
help of high-frequency operation, the transformers and inductors 
can be integrated together and built with PCB winding. Therefore, 
the proposed dc-dc converter will not only have very high density, 
but will also be very suitable for manufacturing automation. In order 
to achieve a wide output voltage range for battery charger applica-
tions to cover both state-of-the-art 400 V battery packs and 800 V 
battery packs in the near future, an interleaved buck converter with 
coupled inductors is adopted. Fig. 1 shows the topology structure of 
the proposed dc-dc module. 

Fig. 2 shows the prototype picture of the proposed dc-dc mod-
ule. The three phase transformers of the CLLC converter are inte-
grated together and built with PCB winding. The coupled inductors 
of the buck converter use negative coupling to reduce switching 
frequency range and are also built with PCB winding. This module 
uses IMZ120R045M1 for both primary and secondary switches in 
the CLLC converter and C3M0075120J for switches in interleav-
ing buck converters. The prototype has > 6 kW/L power density, 
including the heatsink. The peak efficiency of the proposed dc-dc 
module is over 97%. 
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Current Sharing Behavior and Characterization
of a 1,200 V, 6.5 mΩ SiC Half-Bridge Power Module
with Flexible PCB Gate Loop Connection

This paper describes 1.2 kV, 6.5 mΩ, half-bridge SiC MOSFET 
power module design, fabrication and initial testing to explore 
the benefits of a flexible PCB gate loop connection and sym-

metrically patterned direct bonded copper (DBC). Paralleling power 
devices in modules increases current handling capability for the same 
bus voltage. Although simple, paralleling is challenging due to inher-
ent parametric differences between dies and can lead to imbalanced 
current sharing, causing overstress and thermal issues. 

Novel packaging techniques include use of the flexible PCB as 
the gate-source connection, reducing the gate-loop inductance and 
decoupling the gate and source loops using a Kelvin source connec-
tion. Furthermore, the DBC is patterned with symmetrical current 
pathways for both switches, thereby mitigating possible differences 
in the power loops. Therefore, all the variation in switching behav-
ior can be attributed to the differences in the selected dies. 

Two power modules are designed to test current sharing be-
havior; the balanced module consists of carefully selected dies with 
matched threshold voltages (dies turn on at the same time), while 
the imbalanced module has dies with mismatched threshold voltages. 

Fig. 2. Balanced and unbalanced dynamic current sharing comparison in 
a boost converter.

Fig. 1. Fabricated half-bridge power module with flexible PCB die 
interconnection and Rogowski coil for current sharing measurement.

Static and dynamic characterization demonstrate efficacy of the tech-
niques utilized for this power module. Continuous testing in a boost 
converter demonstrates thermal performance of the modules. 

An initial clamped inductive DPT allows for observation of the 
static and dynamic current sharing of the paralleled die in the bal-
anced module. Static results suggest that the current increases un-
equally over time for the two die, most likely due to mismatched on-
state resistances. Dynamic results confirm that the dies are turning 
on at the same time because they were selected with similar thresh-
old voltages. The rates of increase and overshoot during turn-on are 
matched, which is desirable for reliable performance over time. In 
the imbalanced module, turn-on increased the loss of one die over 
the other (-16.4%), but turn-off increased the loss of the second 
(+8.95%) so that the overall difference (-4.32%) was not significant. 
The worst case of imbalance in threshold voltage (17.8%) resulted in 
doubling of total loss (2.52% to 4.32%). The overall loss difference 
indicates a small impact on the cooling system performance due to 
switching imbalance. 
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Design of a Compact, Low-Inductance 1,200 V, 6.5 mΩ 
SiC Half-Bridge Power Module
with Flexible PCB Gate Loop Connection

The properties of silicon carbide (SiC) devices make them desir-
able for use in power modules due to their high power density 
capabilities, robust operation at higher temperatures, and low 

losses. Because SiC can be switched at higher frequencies than Si, 
passive components can be smaller, thus reducing the size of fabri-
cated modules. With these advantages comes the need for updated 
packaging techniques. 

The design of this power module includes new methods in or-
der to obtain low inductance, compact size, and reliable performance 
using Wolfspeed’s 1,200 V, 13 mΩ SiC MOSFET. Use of the MOS-
FET body diodes increases the potential power density by eliminat-
ing the need for external antiparallel diodes. Reduction of the gate 
loop inductance is achieved with a flexible PCB serving as the gate, 
desaturation point, and Kelvin-source interconnection. Lastly, a bal-
anced/symmetrical DBC layout increases the likelihood of current 
balance in the commutation loop. The final design is shown in Fig. 1, 
with the patterned DBC and the die on top, the base plate, and the 
housing. 

Fig. 1. Gate driver interfaces with flexible PCB and leaves room for 
Rogwoski coils; size of flexible PCB against a penny; pins for gate, Kelvin, 
and drain. 

Fig. 2. Half-bridge power module with Rogowski coil around bottom side 
wire bonds.

One of the more novel and challenging elements of the mod-
ule fabrication process is attaching the flexible circuit on the bare 
die due to the small area available for attachment, heat sensitivity of 
the die, and incompatibility of some attachment materials to the die. 
The dice use a specialized nickel: gold top coat and additional space 
between the gate and source pads. The flexible PCB is attached using 
solder paste.

To test the functionality of the half-bridge SiC power module, a 
static and dynamic characterization is performed. The static charac-
terization includes output and transfer curves. A clamped inductive 
load tester allows for dynamic characterization under different load 
currents. The tester was designed with vias to easily attach to pins 
coming out of the flexible PCBs (Fig. 1).

New techniques used in the design of this power module take 
advantage of the properties of SiC. Two power modules are designed 
to compare current sharing behavior: 1) the control sample with bal-
anced dice, and 2) the other with imbalanced dice. The individual die 
currents are measured with Rogowski coils (Fig. 2) to determine the 
effects of the imbalanced die on power module performance.
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Evaluation of an Automated Modeling Tool Applied
to New 600 V, 2 A Vertical GaN Transistors

The Power MOSFET Tool SaberTM, through Synopsys, can esti-
mate static and dynamic behaviors of devices given measured 
static and dynamic characteristic curves. Model parameters are 

made accessible for behavior simulation and design optimization 
even if a datasheet is unavailable or more advanced device properties 
are in developmental stages. This functionality makes the tool ideal 
for predicting the behavior of a new GaN semiconductor in a circuit. 

This paper demonstrates effective models of wide-bandgap de-
vices that accurately simulate switching time and parasitic ringing. 
The primary investigation compares the experimental and modeled 
static and dynamic behavior of HRL’s 600 V, 2 A vertical GaN transis-
tor. The properties of GaN devices, and more specifically, vertically 
oriented GaN devices, could allow for efficient performance at high 
frequency and high power. The experimental turn-on and turn-off 
times are 8.48 ns and 30.2 ns, demonstrating the potential for high 
frequency applications with GaN. Firstly, a SiC example indicated 
that SaberTM is effective at creating an accurate subcircuit model 
when given output, transfer, and on-state resistance curves obtained 
experimentally or from a datasheet. The SiC static data matched with 
a maximum error of 11.3%, and the dynamic behavior demonstrated 
minimal error as the model in a test circuit would produce accurate 
timing and loss. The GaN model had a maximum error of 8.42% for 

Fig. 2. SaberTM GaN turn-on and turn-off waveforms with optimized parasitic circuit elements at a drain-source voltage of 400 V, a 1 A load current, 
and 2.5 Ω gate resistance at 25° C.

Fig. 1. Vertical GaN transfer and output characteristics comparison 
measured with a drain-source voltage of 10 V at 25° C. 

output, transfer, and Rds(on) characteristics. It switched within a cou-
ple nanoseconds of the experimental times, and the parasitic ringing 
accurately represented the rise and fall times so that the modeled loss 
and timing would be accurate in test simulation. A critical method-
ological finding for model development was the accuracy of parasitic 
ringing frequency and magnitude afforded by optimizing the para-
sitic elements in the model circuits. Furthermore, the rates of rise 
and fall matched more closely with this technique.
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A High-Density, Single-Turn Inductor for a 6 kV, SiC-
Based Power Electronics Building Block

This paper presents the design, optimization and testing of a 
single-turn magnetic-core inductor for a 6 kV, 40 Hz power 
electronics building block (PEBB) using 10 kV SiC MOSFET 

modules. 
The inductor design begins with a comprehensive comparison 

of all the possible design solutions, including air-core and magnetic-
core, single-turn and multiple-turn, air-insulation and shielded solid-
insulation. The single-turn, magnetic-core structure with shielded 
solid-insulation (shown in Fig.1) is concluded to be the most suitable 
solution for lower power loss, smaller volume and more reliable in-
sulation performance. 

The design process is then followed by a multi-objective opti-
mization of geometric dimensions and magnetics through a trade-
off among power loss, volume, and parasitic capacitance. Under 
optimal solutions, the power loss, volume and parasitic capacitance 
from conductor to shield are calculated to be 14.17 W, 0.364 L and 
127.22 pF.

 As mentioned earlier, a shielding layer is employed to facili-
tate a compact and reliable insulation design; however, it has some 
side effects that need to be carefully handled. The first side effect 
is the extra loss on the shield caused by the leakage magnetic field 
near the air gaps. It is mitigated by a selection of shield conductivity 
and thickness based on the FEA simulation results. The second side 
effect is the high electric stress on the shield fringes caused by the 
concentrated equipotential lines at the shield edges. It is solved by 
a proposed double-layer shield termination structure comprising a 
high-permittivity stress control layer and a low-permittivity addi-
tional layer (Fig. 2(c)). The third side effect is the grounding current 
caused by the parasitic capacitance between the conductor and the 

Fig. 2. Electric field strength in air and equipotential lines at the termination area (a) without any termination approaches, (b) with only a stress-
control layer and (c) with both a stress-control layer and an additional regular insulation layer.

Fig. 1. General structure of the single-turn magnetic-core inductor with 
shielded solid insulation.

shield, and the high dv/dt switching transient on the conductor. This 
issue is addressed by a well-designed grounding current damping re-
sistor on the grounding path. 

Finally, a prototype was fabricated in the lab using a copper bar 
with rounded edges, epoxy-bonded mica paper tape and conductive 
coating. The experimental performance is demonstrated, too. The 
partial discharge inception voltage (PDIV) of the inductor is mea-
sured to be 7.02 kV under a 60 Hz excitation. The measured input 
impedance matches the simulation up to 11 MHz. The converter 
level tests were done by connecting the inductor in a series of the 
load inductor in the pump-back test setup, and the results show the 
trade-off between the effectiveness and compromise of the proposed 
grounding current reduction method.

(a) (b) (c)
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Operation and Control of Converters Having 
Integrated Capacitor Blocked Transistor Cells

In high-power, medium-voltage or high-voltage systems, the 
voltage ratings of converters may exceed the maximum possible 
voltage rating of one single semiconductor device. One method 

to solve this issue is connecting multiple devices in series, but the 
main challenge is to ensure voltage balance across the devices. What 
results, however, are either high losses of the balancing circuits or 
the requirement of complex and accurate control circuits. Another 
method is to employ multilevel topologies to reduce the voltage rat-
ing requirement of switches, but the problem here is that to keep 
voltage ripples small, the internal capacitors are usually large.

Integrated capacitor blocked transistor (ICBT) cells provide an 
alternative solution. Fig. 1 shows a dc-dc boost converter built with 
ICBT cells. There are two cells per converter arm. Each cell consists 
of a pair of complementary switches and a cell capacitor. When the 
bottom switch is on, the output voltage is zero; when the top switch 
is on, the output current reduces to zero quickly. The two switching 
states are similar to a single device. The total semiconductor loss of 
one cell is also similar to a single device. Electric power is directly 
transferred through the ICBT cells during their on state. Therefore, 
much smaller cell capacitance is required compared to cell capacitors 
in MMCs. The cells in the same arm operate synchronously and be-
have like a single high-voltage device. Converters having ICBT cells 
have voltage scalability like MMCs, and ICBT cells can be used to 
build converters with different topologies. 

The voltage each device blocks is the voltage of the correspond-
ing cell capacitor, which is half of the dc-bus voltage in this case. 
Voltage balancing is achieved when the cell capacitor voltages are 
well controlled. Ideally, all the cells in one arm switch at the same 
time and with the same speed so that all the cell capacitors share the 
same current and the voltage. However, the switches always have 
different switching timing and speed because of parameter mis-
matches and parasitics. Voltage differences may accumulate among 
the cell capacitors and must be controlled. Fig. 2 (a) shows the two 
lower arm cell capacitor voltages during 20 switching cycles. It is as-
sumed that all the switching devices are the same, but 20 pF parasitic 
capacitors exist from all device gate terminals and drain terminals 
to the ground. Because of the high dv/dt across the parasitic capaci-
tors, the bottom devices in two lower arm cells have different gate 
currents and different drain currents, causing different switching 
speeds. As a result, two capacitors have different currents, then dif-
ferent voltages. The first cell capacitor voltage (in green) has a lower 
value than the second cell capacitor voltage (in blue). The capacitor 
voltage control is realized by adding proper delays to the gating sig-

Fig. 2. Lower arm cell capacitor voltages (a) without control and  
(b) with control.

nals. Fig. 2(b) shows the two lower arm cell capacitor voltages with 
the control. Reference gating signals are generated by the converter 
level control and sent to each arm. Then each cell makes its own 
decision whether to add delays based on sensed cell capacitor voltage 
and arm current. In this case, the turn-off action of the second cell is 
delayed so that the second cell capacitor is charged for less duration. 
The two capacitor voltages remain the same. This control works the 
same way when there are more cells.

(a) (b)

Fig. 1. Dc-dc boost converter with ICBT cells.
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The Optimal Design of a High-Temperature, PCB-
Embedded Transformer, GaN-Based Gate-Drive Power 
Supply with a Wide-Input Range

The power electronic systems such as dc-dc converters and in-
verters for automotive applications must perform without fail-
ures in the face of harsh conditions, where the power supplies 

are prone to undesired transients including crank and jump-start. 
The circuits must operate reliably over a wide input range. In ad-
diton, automotive converters work in high ambient temperatures 
up to 125° C, where they cannot be cooled down by force convec-
tion. This means high efficiency is mandatory to ensure safe opera-
tion. As an effective way for miniaturization, the printed-circuit-
board-embedded (PCB-embedded) technique is adopted to build the 
transformer. Shown in Fig. 1, the magnetic core is embedded into 
the multi-layer PCB and serves as the substrate carrying the rest of 
converter circuitry. By saving the footprint of the transformer and 
removing the extra space between the transformer and other com-
ponents, a more compact design can be achieved. Active-clamp fly-
back (ACF) topology is employed, for it shows a good trade-off be-
tween efficiency and power density. There are two operating modes 
in ACF. One is critical conduction mode (CRM), and the other one 
is continuous conduction mode (CCM). CRM allows the secondary 
diodes to be turned off under zero-current switching (ZCS) at the 
expense of higher conduction loss and voltage stress of primary de-
vices, while CCM is opposite to CRM. A tradeoff exists between the 
device’s conduction loss and the diode’s reverse-recovery loss when 
selecting the operating mode. 

Since working conditions change with input voltage, the circuit 
design and the transformer design become difficult. At low voltag-
es, the conduction loss of the primary devices dominates due to the 
higher current. As the input voltage increases, the reverse-recovery 
loss of the rectifier diodes plays the leading role. Apart from the 
operating mode selection, the design freedom of the transformer is 
limited. Described in Fig. 2, the transformer design is restricted by 
the controller duty cycle range and zero-voltage switching (ZVS) re-
quirement, which are represented by the red and blue curve, respec-
tively. Failing to meet these requirements leads to either insufficient 
voltage gain or low efficiency. 

Fig. 2. Design constraints for transformer.

Fig. 1. Proposed gate-drive power supply.

In this paper, a gate-drive power supply (GDPS) with two iso-
lated outputs of 24 V is designed. Its input voltage ranges from 8.5 V 
to 28 V, and the power rating of each output is 5 W. The size is 
21 mm x 20 mm x 7.35 mm, representing a power density of 53.2 W/
in3. To design the targeted GDPS, this paper first presents the de-
sign approach and optimized results, including the circuit design and 
transformer optimization, after which the current and voltage infor-
mation can be estimated and used for selecting the conponents. Lay-
out design, hardware assembly, and the evaluaton of the proposed 
GDPS are then provided. The permeablity degradation issue of the 
PCB-embedded transformer caused by mechanical stress during fab-
rication is revealed in the end of this paper.
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Practical Implementation and Efficiency Evaluation 
of a Phase-Shifted Full Bridge DC-DC Converter Using 
Radiation-Hardened GaN FETs for Space Applications

Two important factors affect performance and power density 
of space power converters. One factor is related to the struc-
ture of power MOSFETs. Because the metal-oxide layer can 

trap charged particles and the silicon crystal is susceptible to atomic 
displacement damage due to radiation in space, achieving high ra-
diation tolerance in MOSFETs results in larger and less efficient de-
vices. The second factor is related to the mission-critical nature of 
space power converters, which favors the use of field-demonstrated 
isolated topologies such as the forward and flyback dc-dc convert-
ers. The forward and flyback dc-dc converters operate with a single 
semiconductor switch on the primary side, connecting an impedance 
(inductance) between the dc-bus and ground. This makes the for-
ward and flyback converters robust to the single events effects (SEE) 
from causing catastrophic failures when impacting the primary side 
transistor gate since a direct path from the dc-bus to ground cannot 
be formed.

In recent years, radiation testing results have shown that the 
GaN binary compound is inherently tolerant to radiation environ-
ments due to its strong atomic bond structure, which makes it very 
robust to atomic displacement damage. In addition, the lack of a 
metal-oxide layer in enhancement mode GaN FETs mitigates charge 
entrapment issues in high radiation environments. Consequently, 
enhancement mode GaN FETs have demonstrated superior perfor-
mance compared to silicon power MOSFETs when exposed to high 
radiation. Newly released radiation hardened (rad-hard) GaN FETs 
not only provide good radiation tolerance, they also provide better 
figure of merit (FOM) and smaller die sizes compared to current 
state-of-the-art rad-hard Silicon MOSFETs. 

This work seeks to improve power density and performance of 
power converters for space applications by implementing a practi-
cal isolated phase-shifted full bridge dc-dc converter using recently 
released rad-hard GaN FETs from a Freebird semiconductor. The 
table in Fig. 1 summarizes the main specifications for the converter 
implemented in this work. A summary of topology selection, main 
design considerations to implement the selected topology, the gen-
eral design approach followed, and experimental results showing 
different magnetic constructions and their effects on converter effi-
ciency are included in this paper. In addition, a comparison between 
the phase shifted full bridge dc-dc converter and the conventional 
hard-switched, full bridge dc-dc converter is included. Both convert-
ers use the FBG20N18B, 200V rad-hard GaN FET from the Freebird 
semiconductor shown in Fig. 2.

Fig. 2. Freebird semiconductor FBG20N18B, 200 V, 26 mΩ, 18 A, rad-hard 
GaN FET (right) next to an SO-8 IC package (left).

Parameter Minimum Nominal Maximum

Input voltage (V) 95 100 120

Fixed output voltage (V) 18 20 24

Output power (W) 400 500

Efficiency target (%) 95

Ambient temperature (°C) -25 25 100

Fig. 1. Dc-dc converter power specifications.
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A Power Hardware-in-the-Loop Testbench  
for Aerospace Applications

The more electric aircraft (MEA) concept increases the complex-
ity of the aerospace electrical system. Fig. 1 shows an example 
MEA electrical system, including a synchronous generator and 

several motor drive systems. Due to the high reliability nature of the 
aerospace sector, the testing of this electrical system is greatly in-
creased. In a simulation, it is difficult to take into account all of the 
parasitic elements that will be present and impact performance in 
the real system. Therefore, it is desirable to do as much as possible of 
the testing in a close-to-reality setup. A full hardware implementa-
tion solves these challenges, but is quite expensive, especially when 
motors and generators must be custom built. Naturally, it is undesir-
able to perform tests that could potentially damage those expensive 
machines with prototype power electronics. However, the power 
hardware-in-the-loop (P-HIL) testbench can recreate many of these 
different test scenarios before the full hardware solution is built. 

This work centers around the demonstration of the various ca-
pabilities of EGSTON Power Electronics’ COMPISO System Unit 
CSU200-1GAMP6 (CSU) P-HIL platform. An advantage of this 
platform is the four-quadrant power amplifiers that allow the unit 
to act as a voltage or current source or load. Two of the key results 
demonstrate the capabilities of the CSU to emulate power converters 
and electric machines. The diode rectifier is modeled using a switch-
ing function approach and assuming ideal switches.

Additionally, the synchronous generator is modeled using the 
fifth-order model with a damping winding on the D and Q axes. The 
induction motor is modeled using the traditional DQ approach as 
well. Fig. 2 shows the CSU accurately emulating an induction ma-
chine.

This paper presents the capabilities of the CSU to emulate 
electric machines and power electronics through a series of tests. 
The electric machine emulation is validated through comparison 
with real-world test results, and the power electronics emulation 
test cases are validated though comparison with simulation results. Fig. 2. Comparison of stator current of real-world, emulated, 

and simulated induction machine.

Fig. 1. Overview of the typical aerospace power system.
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Development of a Power Hardware-in-the-Loop 
Induction Machine Emulator

There have been extensive efforts to emulate electric machines 
in order to perform close-to-reality testing on an emulated ma-
chine rather than on a real-world machine. It is desirable to 

develop a testbench for drive testing that keeps real-world machines 
out of harm’s way, but is still able to test the control algorithms faith-
fully. In this work, a testbench consisting of a 30 kW PowerFlex 753 
drive and the EGSTON Power Electronics COMPISO System Unit 
(CSU) CSU200-1GAMP6 emulating an induction machine is com-
pared with the same drive powering a Yasakawa induction machine. 
Fig. 1 shows the overview of the power hardware-in-the-loop (P-
HIL) emulation setup. The full system consists of a real-world motor 
drive connecting to the CSU through an interface element, in this 
case a line inductor. The voltages from the drive are used as feedback 
to generate the setpoints in the OP4510 real-time simulator. 

Key efforts in this work focus around the modeling of the in-
duction machine and the design and selection of the inductor that in-
terfaces between the real-world source and the CSU. The traditional 
arbitrary reference frame model of the induction motor leads to cur-
rent setpoints, but in this work the setpoints are also formulated to 
allow the CSU to emulate the back-emf of the machine in series with 

Fig. 2. Comparison of stator current of real-world, emulated, and 
simulated induction machine.Fig. 1. P-HIL system block diagram.

a resistor and inductor. By modeling the induction motor as a back-
emf, the interface inductor becomes an essential part of the model. 

Fig. 2 shows the close matching between the real-world, simu-
lated, and emulated machines with the CSU running in back-to-back 
mode. The CSU is made up of six four-quadrant amplifiers. In the 
back-to-back case, three of the amplifiers are emulating a voltage 
source, and another set of three is emulating the induction machine 
as a current sink. This validates the models and the CSU’s perfor-
mance, and the next step in the research is to run with the external 
drive connected to the amplifier. 

P-HIL emulation of induction motors allows the drive to be 
tested under full power conditions before a motor has been fully 
developed. This allows significant improvements in the design pro-
cess. Furthermore, different induction machines can be emulated on 
the same P-HIL hardware platform by changing only the machine 
model parameters. This paper details an induction machine emulator 
utilizing the P-HIL concept. Design details including the modeling 
approach, interface inductor selection, design, and fabrication, and 
system testing are presented in the full paper.
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Degradation of SiC MOSFETs Provoked
by a Switching-Based Ruggedness Test

Integrating SiC power MOSFETs is very attractive for advancing 
power electronic systems, yet system reliability with new devices 
remains in question. This work presents a newer accelerated life-

time test (ALT) that further investigates the packaging and semi-
conductor failures of a TO-247 SiC MOSFET. This ALT, entitled 
"switching cycling," utilizes the transient turn-on and turn-off of a 
device to stress the semiconductor under high drain-source voltage 
(VDS) and high-pulsed drain-source current (IDS). The device is pulsed 
on to allow it to fully turn on and reach the desired stress current. 
The short pulse time minimizes conduction losses, therefore mini-
mizing self-heating effects. The general stress conditions of differ-
ent ALT experiments, as well as the switching locus waveform for 
switching cycling, are shown in Fig. 1.

The objective of switching cycling is to observe the degradation 
of the semiconductor through repetitive hard switching events. Two 
independent degradation and failure mechanisms have been identi-
fied. While the gate-oxide degradation emerges with the increased 
switching cycles, bulk-semiconductor degradation appears simulta-
neously and drives the device into a partially failed —yet function-
al—state before failure. Changes in electrical parameters over time, 
including threshold voltage on-resistance, gate-leakage, and drain-
leakage currents are all monitored, and precursors for two degrada-
tion mechanisms have been identified. Fig. 2(a) shows the changes 
in drain leakage for device D4, and Fig. 2(b) depicts the gate leakage 
currents over time for all devices.

Fig. 2. Changes in (a) drain leakage current of device D4 and (b) changes in gate leakage current of all devices.

Fig. 1. ALT electrical stress conditions with relation to the SOA (top) and 
experimental switching cycling IV locus (bottom).
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Physics of Degradation in SiC MOSFETs Stressed
by Over-Voltage and Over-Current Switching

This work presents the ruggedness of SiC-power MOSFETs 
outside the safe-operating-area (SOA) conditions based on a 
hard-switching cycling test. The device was stressed to with-

stand over-voltage and over-current beyond its voltage and current 
ratings in each switching cycle. This switching cycling test was per-
formed in an automated test platform (Fig. 1) and at ambient tem-
peratures of 25° C and 100° C. 

Two independent degradations, one at the gate-oxide and the 
other at the semiconductor junction region, were observed. The 
second degradation has not been previously reported in the litera-
ture. Both degradations were found to accelerate at the high ambi-

Fig. 2. LDSS measurements taken at 25° C, 50° C, 75° C, and 100° C for fresh 
devices, as well as degraded devices after stress tests conducted at 
ambient temperatures of 25° C and 100° C. The degraded devices show a 
further leakage increase at elevated temperatures.

Fig. 1. Automated test platform used to stress and monitor a device at 
various temperatures. 

ent temperature. Fig. 2 shows the changes in drain-leakage current 
characterized at different temperatures of a fresh device, a device in a 
partially failed state after having been stressed at 25° C, and a device 
in a partially failed state after having been stressed at 100° C. The 
physics of these two device degradations were unveiled: the hot-elec-
tron induced gate-oxide degradation accounts for the first device’s 
degradation, which ultimately results in device failure. The electron 
hopping through the defect states created in the stress tests accounts 
for the second device’s degradation, which is seen in the increase in 
drain leakage current prior to device failure.
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Design of a Multilayer Planar Bus  
for Medium-Voltage DC Converters

Medium-voltage power electronics converters are rapidly 
advancing with the adoption of wide-bandgap (WBG) de-
vices, such as silicon carbide (SiC), allowing a higher operat-

ing voltage and switching frequency. To fully leverage these, power 
loop inductance must be minimized. The dc-link bus is an area of 
opportunity for improvement. Reducing conductor spacing not 
only provides a smaller parasitic inductance, it can also decrease the 
converter’s overall size and weight; however, higher voltage actu-
ally requires an increase in conductor spacing. The manufacturing 
process for a traditional laminated bus increases the likelihood for 
defects in high electric field (E-field) regions. These defects coupled 
with a high field intensity increase partial discharge (PD) within the 
insulator. This leaves designers with the trade-off of increasing the 
bus thickness for reliability, or decreasing the thickness for improved 
switching performance. 

Fig. 2. Electric field strength in (top) dielectric and 
(bottom) air.

Fig. 1. PCB design flow for electric field control.

In this work, a low inductance PCB-based bus is designed to 
support Wolfspeed’s XHV-6 series 10 kV SiC MOSFET module. 

The E-field was analyzed in high intensity regions using COM-
SOL for finite element analysis (FEA). A midpoint layer separating 
the +/- dc layers was implemented to reduce the peak intensity near 
the insulator/connector interface. Geometric techniques for field 
control along the surface and within the PCB were implemented us-
ing the design flow shown in Fig. 1. The results for the final E-field 
intensity after completion of the design flow are shown in Fig. 2. It 
should be noted that the field in air is of interest in the bottom image 
in Fig. 2; therefore, data above 2 kV/mm has been restricted and ap-
pears white within the PCB dielectric. Simulation results show that 
the peak E-field intensity can be reduced by adding a slight offset 
between conductors at a different potential. Due to the voltages of 
interest, the E-field intensity in air was most efficiently controlled by 
forcing the field in an additional dielectric layer placed on the outside 
of what would normally be the outermost power plane.

The design criteria determined from simulation were imple-
mented in a PCB. Multiple conductors were paralleled to increase 
the current-handling capability and improve current distribution 
among in-pad vias. PD tests showed the bus to be PD- and corona-
free up to 11.52 kV. High current density regions at the bus remained 
below 70° C with 85 A output, making it suitable for a 6 kV, 500 kW 
converter.
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Design and Multi-Objective Optimization  
of Coil and Magnetics for Wireless Power  
Transfer in Auxiliary Power Networks 

This paper proposes an analytical design and optimization pro-
cess for the coil and magnetics in a wireless power transfer 
(WPT) converter used for auxiliary power supply. The cal-

culation equation for isolation capacitance for a flat spiral structure 
is given. In addition, a mirror method is used to calculate the self- 
and mutual-inductance of a coil with magnetic shielding so that the 
parameters can be calculated without using finite element method 
(FEM) simulation. An efficiency isolation capacitance, insulation 
capability multi-objective optimization is done to optimize the coil 
specifically for auxiliary power network (APS) application. A GaN-
based 100 W dc-dc converter is used as a prototype to validate the 
design and optimization of the coil and magnetics.

 Fig. 1 shows the figure of merit k/Cp, where k is the coupling 
coefficient presenting the efficiency, and Cp is the coupling capaci-

Fig. 2. Multi-objective optimization result of WPT.Fig. 1. Figure of merit k/Cp under different geometry.

tance presenting the EMI susceptibility. From the calculation result, 
the figure of merit has its maximum value ro/d of around one, where 
ro is the outer radius of the coil and d is the distance between two 
coils.

From Fig. 2, for WPT coil optimization, the blue curve shows 
the normal maximum efficiency that the WPT converter can 
achieve. The green curve shows the maximum efficiency of WPT 
as a function of isolation capacitance. In order to minimize the Cp, 
the very large radius and very small distance between coils should be 
excluded, which limits the k and efficiency. If insulation capability is 
considered at the same time, the Pareto-front will be the red curve. 
For cases where the cable is too thin, the E-field will be too large. 
Thicker cable can be over-designed for this power level, but it is nec-
essary to decrease possible E-field concentration.
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Auxiliary Power Network Architecture for 10 kV SiC-
Based Power Electronics Building Blocks

This paper proposes a two-stage auxiliary power network archi-
tecture for 10 kV SiC-based PEBB. Different auxiliary power 
supply (APS) methods are compared and analyzed to propose 

the final two-stage solution of an APS network with a reference 
point connected to the mid-point of the dc-link capacitor. The first 
stage wireless power transfer (WPT) and second stage gate-driver 
power supply (GDPS) are briefly introduced. The two-stage power 
supply is tested with transient performance, fault response and in-
system performance, which proves the robustness of this auxiliary 
power supply design.

 Fig. 1 shows the proposed auxiliary power network architec-
ture of one power electronics building block (PEBB). The black part 
in Fig. 1 shows the main power components of the 10 kV SiC MOS-
FET-based PEBB, including SiC MOSFETs, load inductor and dc-
link capacitors. The blue part shows all the possible loads, including 
controller, gate drivers, voltage sensor and temperature sensor (the 
current sensor is the Rogowski coil embedded in the gate driver), 

Fig. 2. Operating waveforms of 6 kV buck test.Fig. 1. Auxiliary power network architecture for PEBB.

that require power from the APS network. The red part shows the 
APS network components, including the two-stage solution with 
a mini-UPS as backup power. The first stage is the WPT getting 
power externally. The second stage is the current-transformer-based 
GDPS fed from the WPT.

Fig. 2 shows the test results of the two-stage power supply in a 
medium voltage 6 kV buck test. In this test, the WPT gains power 
from a benchtop power supply, so the reference point of the sending 
side for the WPT connects to the ground potential, and the reference 
point of the receiving side as well as the sending side of the GDPS 
connect to the midpoint of the bus bar, as discussed above. The gate 
driver for the top switch is powered by the WPT and GDPS, and the 
bottom gate driver is powered by a commercial isolated power sup-
ply. The switching node voltage vjump, inductor current iL, common 
mode current out of GDPS icm and the output voltage of the GDPS 
vo are measured. From the results, the GDPS is able to provide stable 
voltage to the gate driver with ±3 kV jumping voltage.
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Voltage Balancing of Four Series-Connected  
SiC MOSFETs Under 2 kV Bus Voltage  
Using Active DV/DT Control

The active dv/dt control method successfully balanced the volt-
ages between SiC MOSFET devices within 10% of the expected 
blocking voltage (500 V/device for a 2 kV dc-bus). For future 

work, up to eight devices in series will be tested under a 6 kV dc 
bus voltage. To improve accuracy of the voltage reference for each 
controller, online measurement of the dc bus voltage will be incor-
porated in the future. Overall, the results obtained validate the se-
ries connection of SiC MOSFETs as a viable alternative to the use of 
single higher blocking voltage devices, which has the main advantage 
of achieving a lower total Rds(on) and probable lower manufacturing 
costs.

In reference to Fig. 1, the current mirror network regulates the 
flow of the current injected by the additional capacitor CM. This ca-
pacitor CM injects a current dependent on the individual dv/dt rate 
seen at each drain that slows down the switching transition of the 
MOSFET in question. The VCTRL signal is then used to adjust the 
amount of current flowing back to the gate, acting as an additional 
linear Miller capacitance, or flowing to the source of the device di-
rectly and bypassing the gate terminal. With Q1 off, all the current 
flows to the gate for maximum effect, slowing down the power MOS-
FET. By increasing the current through Q1 gradually, the slow-down 
effect will be reduced. Each control voltage parameter VCTRL across 
Q1 determines the magnitude of current injected at each device gate. 

Fig. 2 shows the experimental results for four MOSFETs under 
test with a 2 kV dc bus, where all devices block approximately 500 V 
each in steady-state after closed-loop compensation. One contribu-
tion of steady-state error can be attributed to the use of potentiom-
eters for the reference voltage of each separate gate-driver, which 
can have small tolerance differences.

Fig. 2. Experimental results of four series-connected SiC MOSFET 
devices under closed-loop dv/dt control with a 2 kV dc bus.

Fig. 1. Series-connection of SiC MOSFETs under test, using a BJT network 
for active dv/dt control.
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Design and Test of a 6 kV Phase-Leg Using Four 
Stacked 1.7 kV SiC MOSFET High-Current Modules

Closed-loop active gate drive control of eight series-connected 
1.7 kV SiC MOSFETs is validated experimentally in this work. 
To mitigate the unbalanced voltages between devices, a modu-

lar active dv/dt control approach is implemented. This closed-loop 
control method demonstrated voltage balancing within 30% mis-
match in steady-state and switching losses below 100 mJ for both 
turn-on and turn-off transitions at 6 kV under 240 A. The results 
shown validate the series-connection of SiC MOSFETs as a possible 
alternative to the use of individual devices with higher blocking volt-
ages.

The voltage balancing method was validated with a half-bridge 
circuit shown in Fig. 1. For the half-bridge circuit, eight 1.7 kV rated 
SiC MOSFETs (four modules) were connected in series (S1 through 
S8). To act as a freewheeling diode, four additional modules were 
connected in series (D1 through D8), with each device's gate-source 
voltage clamped to -4 V. 

Fig. 2 shows the load current Iload with all eight VDS voltages 
under a 6 kV dc-bus. Due to the power limitation of the dc power 
supply used in this experiment, a multiple-pulse test was conducted 
with a dc power supply, using the energy stored in the dc-bus to pro-

Fig. 2. Closed-loop experimental result of eight series-connected SiC MOSFETs under 6 kV bus voltage to calculate  
turn-off losses at 240 A (fsw = 10 kHz, D = 0.04, RLoad = 1.4W). Probes: VDS,1-6: Micsig DP20003 @ 250 MHz, VDS,7-8:  
Tektronix THDP0200 @ 200 MHz, ILoad: Tektronix TRCP0600 @ 500 MHz.

Fig. 1. Experimental test-bed for eight stacked SiC MOSFET devices under 
test in a half-bridge configuration.

vide the 240 A inductive load current. Thus, the load resistor Rload, 
duty cycle, and switching frequency were tuned together in order 
to achieve 240 A switching current at 6 kV dc input and minimize 
the voltage drop of the dc-bus during the 8 ms test. Fig. 2 shows the 
balancing results and zoomed-in waveforms.
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Insulation Design and Assessment of a 16 kV-Rated, 
PCB-Based DC Bus with Distributed Capacitors

Laminated dc bus structures are the undisputed choice for power 
delivery in SiC-based power converters as they can mitigate 
the effects of fast-switching currents of the device by providing 

lower interconnection impedance while also improving overall sys-
tem integration and mechanical stability. For medium voltage (MV) 
power converters, there is an additional requirement that the dc bus 
has reliable insulation design at the desired MV dc-operating voltage. 
This paper explores the design of PCB-based bus structures that use 
automated fabrication processes where the lamination is carried out 
in a vacuum to help eliminate any internal air voids. PCB manufac-
turing also allows the implementation of complicated and accurate 
electric field (E-field) control methods necessary for MV operation. 

In this work, a multilayer (16 layers) PCB stack is designed for 
accommodating the series/parallel MV capacitor bank of a 16 kV-
rated, three-phase inverter, with a target of achieving PD-free op-
eration up to 18 kV dc voltage (>10% margin). Peak E-field inside 
the PCB dielectric around board terminals, i.e. plated and non-plated 
through holes (PTH & NPTH) and surface mount (SMT) pads, are 
addressed in the layout to lower insulation stress. The design process 
also considers E-field strength at the PCB-air interface to avoid any 
surface discharge that can cause a potentially hazardous condition 
for the system. 

The PCB bus assembly is pictured in Fig. 1. Key electric field 
control approaches are summarized as follows: 1) All copper con-
ductors are embedded in internal layers to help control peak electric 
field at the PCB air interface. 2) A multilayer stack-up with internal 
net-net spacing based on ∆V to the PTH is implemented to provide 
field grading and help distribute the electric field uniformly across 
the PCB layer stack. 3) A minimum relative net spacing pattern is 
used for NPTH and board edge to prevent the surface discharge that 
will otherwise happen if equal spacing is applied from all the nets to 
the aperture/edge. 4) An effective shielding technique using a 2D 
embedded shield layer is applied to reduce peak E-field at PCB termi-
nal triple-junction points by moving the peak E-field point along the 
shielding layer where the E-field limit is higher. The above E-field 
control methods help achieve PD-free operation greater than the de-
sign target of 18 kV. Fig. 2 shows dc PD test results.

Fig. 2. Dc partial discharge test results indicating PDIV of 20 kV between 
dc+ and dc- nodes.

Fig. 1. 16 kV rated PCB-based modular planar bus assembly.
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16 kV Input, 200 kW Rated SiC-Based Direct-to-Line 
Central PV Inverter Using 10 kV SiC MOSFETs

The introduction of SiC MOSFET devices with a blocking volt-
age of 10 kV and above has advanced the development of 
transformerless inverters with direct connection to the me-

dium voltage (MV) grid. To enable operation from 11 kV ac lines 
and above, multi-level topologies or series-connected MOSFETs 
are required because of the blocking voltage limit of a single device. 
Considering the cost and complexity of development, simple topolo-
gies with low device count are preferred. 

In this work, a three-phase, two-level inverter rated for 
200 kW, 11 kV ac output fed by a 16 kV dc input is realized using a 
two-level topology with two series-connected 10 kV SiC MOSFETs 
per switch position. All inverter components including the gate driv-
er, Rogowski current sensor, MV modular planar PCB bus, power 
quality filter and forced air thermal management system are designed 
with considerations for the high operating voltage. The full inverter 
system is shown in Fig. 1.

Apart from the basic driving features, the designed gate driver 
is equipped with an active voltage balancing capability to guaran-
tee that the turn-off voltage is equally shared between the series-
connected MOSFETs. The Rogowski-sensor-based shortcircuit 
protection ensures synchronized fault protection with a reaction 
time < 500 ns. The MV PCB-bus and capacitor bank are designed 
for partial-discharge-free operation up to 18 kV and help integrate 
all system components into a single high power density assembly. 
The thermal management system uses forced air cooling to keep 
the maximum device junction temperature below limits. The power 
quality filter components are designed to meet IEEE 519 harmonic 
standards with necessary insulation to withstand high dv/dt.

All the designed components are tested individually for func-
tionality and insulation withstand before system assembly. The fi-
nal inverter is tested in a three-phase, continuous pump-back test 
in open loop with a specially designed isolated 16 kV dc supply and 
reactive load. The phase difference between voltage references of 
each phase is reduced so that the resulting voltage on each inductor 
can be kept at a low value. This way the modulation index does not 
need to be reduced to a very small value to operate at the rated output 
current of 10.5 A rms. The inverter output waveforms at the 16 kV 
dc-bus is shown in Fig. 2. Fig. 2. Inverter output voltage and three-phase currents at 16 kV dc bus, 

10.5 A rms.

Fig. 1. 16 kV input, 200 kW rated three-phase, two-level inverter assembly 
using Wolfspeed 10 kV, 16 A SiC modules.
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Electric Field Control by Nonlinear, Field-Dependent 
Conductivity Dielectrics Characterization
for High-Voltage Power Module Packaging

Wide-bandgap (WBG) power modules made from materials 
such as SiC and GaN (and soon Ga2O3 and diamond), which 
can tolerate higher voltages and currents than Si-based 

modules, are the most promising solution for reducing the size and 
weight of power electronics systems. In addition to the higher block-
ing voltages of WBG power modules, their volume has been targeted 
to be several times smaller than Si-based modules. This translates 
into higher electric stress within the module and, in turn, a higher 
risk for unacceptable partial discharge (PD) activities, leading to ag-
ing and degradation of both the ceramic substrate and the silicone 
gel. Under sufficiently high electric stress, PD occurs at the weak 
points, including air bubbles in the silicone gel and pores existing in 
sintered ceramic materials. Also, sharp metallization edges have been 
recognized as the locations leading to electric field enhancement and 
initiation of the PD in the gel. Electric stress enhancement can even 
reach to a higher value at the protrusion resulting from brazing of 
the metal on the substrate, as shown in Fig. 1. Thus, reducing PD 
activity to a permissible level recommended in standards is the main 
task in designing the HV modules due to the detrimental effect of PD 
on electrical insulation aging and eventual breakdown of the whole 
system. In this work, through electric field modeling and simulations 
carried out in COMSOL Multiphysics, it has been shown that com-
bining geometrical techniques and applying nonlinear field depen-
dant conductivity (FDC) coating to highly stressed regions can lead 
to a significant electric field reduction in both silicone gel and ceram-
ic substrate under both ac and dc voltages. However, due to the flow 
of the displacement current under ac voltage, the advantage of using 

Fig. 2. Electric field distribution for (a) base case without FDC layer and (b) bridging FDC layer.

Fig. 1. Schematic of an IGBT substrate.

nonlinear FDC materials reduces compared to the dc case. The influ-
ence of different switching values of FDC materials on the field grad-
ing is also investigated. According to the results, the FDC coating 
layers with higher switching fields are leading to better field grading. 
Furthermore, it has been shown that although a non-bridging, non-
linear FDC coating layer can address high electric field issues around 
the upper metallization layer, it leads to electric field enhancement 
at the triple point of the bottom metallization layer. Bridging the 
FDC coating layer can address this issue. Figs. 2(a) and 2(b) show 
the 2D electric field distribution for the base case and bridging case, 
respectively, where a remarkable electric field reduction can be seen 
by applying the bridging nonlinear FDC coating layer.

(a) (b)
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Optimal Capacity and Placement of Microgrids for 
Resiliency Enhancement of Distribution Networks 
Under Extreme Weather Events

Natural disasters and extreme weather-related events can po-
tentially cause severe and extensive damage to power grids, 
leading to power outages and even blackouts. This has led to 

growing attention toward the resiliency enhancement of power sys-
tems. Resiliency is defined as the ability of a power system to recover 
quickly following a disaster. It turns into a more vital issue when 
dealing with critical loads such as hospitals and water pumping sta-
tions that must be electrified all the time. 

Microgrids consist of different distributed energy resources 
(DERs), which can be distributed generation systems (DGs) and/or 
electric energy storage (ESS) systems, as well as end-users of electric-
ity and/or heat, as shown in Fig. 1. A microgrid can work in either 
a grid-connected mode or an islanded mode. In the islanded mode, 
DERs within the microgrid feed only the microgrid's loads; while 
in the grid-connected mode, they can also contribute to serving 
grid loads. In the case of undergoing an extreme event, islanded mi-
crogrids can temporarily connect to the grid to take part in restoring 
its critical loads while serving their own end-users. 

Actions for resiliency enhancement of distribution networks 
consist of corrective actions and preventive actions. Corrective ac-
tions such as load shedding and/or network reconfiguration are 
done during and after the occurrence of a disaster. Preventive ac-
tions such as line undergrounding, elevating substations, and vegeta-
tion management result in hardening the system infrastructure and 
in turn its resiliency enhancement. Most research done dealing with 
benefiting from microgrids to solve a critical load restoration (CLR) 
problem is based on corrective actions and in power system opera-
tion steps. In this paper, the preventive side of the CLR problem is 
also highlighted and taken into account. 

In this study, an iterative heuristic method is developed for ef-
fective planning of microgrids from the resiliency standpoint. To re-
store critical loads, it benefits from both 1) microgrid planning and 
2) switching strategies as the two wings for resilience enhancement. 
The results indicate that while neither of two ways can recover the 
critical loads alone when undergoing a significant outage, an integra-
tion of proper network configuration as well as the optimal planning 
for future microgrids can bring the system into a higher level of re- Fig. 2. Conceptual resilience curve.

Fig. 1. A general model of microgrid.

siliency (see Fig. 2.). The method not only suggests the best installa-
tion place for microgrids but also determines the minimum capacity 
of generation units within microgrids for resiliency maximization. 
Moreover, through reduction techniques employed, the computa-
tion burden was kept at a low level, leading to a computationally 
efficient algorithm.
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Design Analysis for a Current-Transformer-Based, 
High-Frequency Auxiliary Power Supply for SiC-Based 
Medium Voltage Converter Systems

Recently, 10 kV SiC MOSFETs have received a lot of attention 
for medium-voltage applications as they can switch with higher 
speed but lower switching losses compared to Si IGBT. How-

ever, the fast dv/dt noise also creates a common mode current via 
coupling capacitors distributed inside the converter system, thereby 
introducing many EMI issues. Such issues typically occur within the 
gate driver power supplies. Therefore, a small coupling capacitor 
for an auxiliary power supply is strongly desired. In addition, as the 
switching frequency of the converter system increases, a large output 
from an auxiliary power supply is also required. 

For these purposes, a GaN-based, high-density power supply 
solution is designed, as shown in Fig. 1. This power supply has a 
constant output current on the primary side, so it is able to supply 
multiple loads simultaneously regardless of load location. Addition-

Fig. 2. Experiment verification for the design auxiliary power supply in 6 
kV continuous test.

Fig. 1. Designed auxiliary power supply with multi-channel for medium-
voltage application.

ally, the designed power supply is able to achieve 1) a total power of 
120 W for each sending side and 20 W for each receiving side; 2) soft 
switching (ZVS) with an arbitrary number of loads with parasitic 
inductance in consideration; 3) circuit failure immunity; and 4) an 
ultra-small coupling capacitor. 

For the designed auxiliary power supply, operating stably in a 
medium-voltage system is the main goal to achieve. Thus, a 6 kV 
buck test is conducted. In the buck test, the designed power supply 
is used to power the gate driver for 10 kV SiC MOSFETs. As shown 
in Fig. 2, the designed power supply has stable output in a strong dv/
dt system. Therefore, the designed power supply has stable electrical 
performance and is ready to be used in a medium-voltage system.
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A Distributed Hierarchical Digital Control System
for Medium-Voltage Modular Converters
Enabling PCM Control for Parallel Operation

One of the key characteristics of modular converters is scal-
ability, which requires precise parallel operation of multiple 
modular converters with current mode control. Furthermore, 

a well-structured digital control scheme allows for the programma-
bility of the modular converter to achieve different functions and 
thus must be carefully defined. This paper introduces a distributed 
hierarchical digital control system for medium-voltage modular con-
verters using gate drivers for PWM. The gate driver, which features 
a PCB-embedded Rogowski current sensor and local FPGA with pe-
ripherals, is capable of directly sensing the switching currents of SiC 
devices and locally implementing PWM. To provide an application 
example, a modular converter system is constructed and operated 
as paralleled-synchronous buck converters with peak current mode 
control.

 As shown in Fig. 1, for each converter in parallel operation, 
current loop reference is generated from the controller based on out-

Fig. 2. Current sharing performance of modular converter in parallel operation with PCM.

Fig. 1. Hierarchical digital controller of modular converter operating PCM.

put voltage sensing information and is transmitted digitally through 
an optical cable to the gate driver, which further increases the noise 
immunity of the modular converter. After deducting external ramp 
values in the local FPGA for stability consideration, the current ref-
erence is sent to the digital-to-analog converter (DAC), and the DAC 
finally generates the analog signal to be compared with the sensed 
top switch current from the Rogowski coil sensor directly. In this 
way, not only is the modulation delay for the current loop mini-
mized, it also helps to eliminate the need for extra current sensors 
in the modular converter and thus demonstrates the potential for a 
more compact design. The schematic diagram for the medium-volt-
age modular converter in parallel operation is shown in Fig. 2. The 
output inductor currents, labeled as iL1 and iL2 , are captured. It can be 
seen from the experimental waveforms that good load current shar-
ing between the paralleled modular converters is achieved.
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Optimization Design of a Medium-Voltage Power 
Electronics System with Terminal Constraints

In the medium-voltage power distribution system of a microgrid, 
power electronics converters are widely used in power source/
load center connection, current limiting and power distribution 

system protection. In lieu of designing power converters separately 
for each application, the U.S. Navy has proposed a universal power 
processing unit concept known as power electronics building blocks 
(PEBB) to be used for construction of power electronics systems of 
various functionalities and with different voltage and power ratings 
for the purpose of overall cost, loss, size and weight reduction. Con-
sequently, it is desireable to apply optimization techniques in the de-
sign of PEBB-based power electronics systems regarding weight, size 
and efficiency. Fig. 1 shows the generalized hierarchical optimization 
procedure of PEBBs. The optimization process is devided into two 
levels: system level and subsystem level. The first step in system-level 
optimization is to specify system design requirements including sys-
tem functionality, design specifications, design objectives and sys-
tem design constraints. System-level optimization variables are then 
selected in a way that the subsystem design couplings are removed 
so that all subsystem-level optimizations are operated in parallel; 

Fig. 2. Feasible design variable range variation with difference output 
voltage overshoot tolerance in case of step load.Fig. 1. Hierarchical optimization process of PEBB. 

response surfaces are generated accordingly from each subsystem-
level optimization regarding all ranges of system-level optimization 
variable values. Metaheuristic methods assist variable value selection 
in both system-level and subsystem-level optimization processes for 
increased design efficiency and accuracy.

As a commonly encountered load type, a step load is connected 
to the distribution bus through a power electronics system and will 
cause a negative effect on the bus if its power processing stage is not 
carefully dealt with. In order to meet the interface standards, the op-
timization process of the PEBB-based power processing stage must 
take into account the terminal transient response performances (e.g. 
overshoot and settling time) as optimization design constraints. A 
model is constructed relating system-dynamic response with passive 
device selections and controller design. Two cases are plotted in Fig. 
2 with different output voltage overshoot tolerance in case of a step 
load. As shown also in Fig. 2, terminal constraints in the system-lev-
el design are redefining the range of feasible design variable values, 
which again will speed up the optimization design iteration. 
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Evaluation of Alternative AC Filter Building Blocks 
(FBB) for Modular Three-Level Grid-Tied Inverters

A modular filter building block concept is introduced here. The 
general characteristics of a modular filter building block (FBB) 
are that a) it can be used with single and multi-channel con-

verter systems without a change in differential mode/common mode 
(DM/CM) attenuation to any groups of harmonics; b) there is no 
significant change in filter loss between a single channel and a multi-
channel system; and c) the filter block itself should be modular, that 
is, with additional converter modules, and additional filter blocks can 
be added with ease.

 The mutual inductance of the coupled inductor Mdmci is used 
to attenuate DM circulation between channels while the boost in-

Fig. 2. Proposed hardware implementation using 3L-NPC converter.Fig. 1. Proposed modular FBB topology using secondary loop.

ductor Mdm1 in the loop is used for control and minimization of the 
switching ripple. Ideally, the loop itself does not see any switching 
frequency ripple, and the inductance in the loop is used for additional 
boost impedance to block load frequency harmonics (real/reactive 
power flow components).

In addition to this new topology, a multi-objective/multi-vari-
able optimization procedure is adopted to maximize the power den-
sity and efficiency of this FBB. Future work will involve a modular 
EMI solution for such three-phase, ac-dc converters and comparison 
with other topologies.
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Gate-Driver Integrated, Junction Temperature 
Estimation of SiC MOSFET Half-bridge Modules

SiC MOSFET power modules are becoming the global solution 
in harsh environment systems due to the benefits of higher 
power density and efficiency. Achieving high reliability of such 

systems is of upmost importance due to large economic implications. 
Intelligence on the gate driver can lead to significant improvement 
of both short-term and long-term reliability of the SiC MOSFET 
devices by providing insight on the real-time behavior of relevant 
switch information. The device switch-current Id can be used for 
short-circuit detection under various fault impedances assessing the 
short-term reliability. In combination with Vds(on), the on-state resis-
tance Rds,on and thus the online junction temperature (Tj) estimation 
is possible. This enables monitoring the status of the SiC MOSFET 
device such as state-of-health, remaining useful life, maintenance 
scheduling, etc., tackling the long-term reliability aspect.

Taking all of this into account, an intelligent gate driver is de-
veloped, containing the described measurements. A stacked gate 
driver is shown in Fig. 1. with the indicated controller part of the 

Fig. 2. Initial Rds,on estimation based on the developed current and voltage 
measurement shows great matching with the device CAS300M12BM2 
1200 V 300 A datasheet values.

Fig. 1. Intelligent gate driver capable of measuring switch currents, 
voltages and temperature estimation. 

gate-driver, the actual driver board, Rogowski coils for switch cur-
rent measurement, and a utilized circuit for on-state voltage mea-
surement. A 2-diode circuit is employed as an on-state voltage mea-
surement sensor, due to benefits it has over similar circuits utilized 
in the literature, including high blocking capability, no offset prob-
lem, non-temperature-dependent sensing diode circuit, low delay, 
small losses, good accuracy and sensitivity. These benefits render it 
perfectly suitable to be used in combination with a Rogowski coil 
and have accurate on-state resistance and thus junction temperature 
estimation. Fig. 2. shows initial Rds,on measurement results. Online 
junction temperature estimation will be performed with the aid of a 
field programmable gate array (FPGA) that will sample current and 
voltage information at the same time. Based on the pre-characteriza-
tion results of the device stored in the flash memory (current, voltage 
and temperature look-up table) located on the controller board of the 
gate driver, FPGA will assess and compare voltages and currents, as 
well as estimate junction temperature.



182 NUGGETS | Sponsored

Evaluation and Control of Active Capacitor Banks
for a Floating Power Modules-Based Converter

With multiple converters connected to a power grid, the 
problem of instability may arise. An impedance measure-
ment unit (IMU) is utilized as a tool to measure the system 

impedance to analyze its stability. A perturbation injection unit 
(PIU) inside the IMU injects perturbations to the grid. The voltage 
and current responses are then measured, and impedance is calcu-
lated accordingly. Unlike a traditional rectifier, the PIU application is 
more complex, with multiple current harmonics. The injection fre-
quency, which is nearest to the grid frequency, causes the largest 
ripple on the dc-link voltage. In order to reduce the voltage ripple, a 
large capacitor can be connected in parallel with the dc-bus of the 
PIU. In this paper, the active capacitor is utilized as a high-power-
density solution to replace the passive capacitor in the PIU. The ac-
tive capacitor consists of one full bridge, one inductor, and three film 
capacitors, and is connected in parallel with a floating H-bridge, as 
illustrated in Fig. 1(a). A control scheme is proposed as in Fig. 2(a) to 
compensate multiple power harmonics and balance the dc-link volt-
age in the active capacitor. The controlled voltage  of the active 
capacitor’s full bridge is expressed as: , 
where  is the ripple extracted from the voltage , 

 is the ripple component of  at , and  is the 
loss compensation factor, which is multiplied with the derivative of 

 to balance .
Simulation results of a three H-bridges based PIU are provided 

to verify the effectiveness of the active capacitor solution. The volt-
age waveforms across Ca1, Ca2, Ca3 and dc-bus voltage are included in 
Fig. 2(b). It is seen that the voltage , which is generated by the 
full bridge of the active capacitor, follows the voltage , as 
well. Since each dc-link voltage is the sum of  and , its value is 
maintained constant around 1,000 V with a small ripple. All the dc-
bus ripples of the three floating H-bridges are limited within 4% the 
dc-bus voltage. 

Fig. 1(b) and 1(c) show the assembly of the active capacitor and 
an equivalent capacitor bank, respectively. The comparison indicates 
that with a 5% dc-bus ripple requirement the active capacitor solu-
tion for the PIU helps reduce both the volume and weight by five 
times over the traditional passive capacitor solution. 

Fig. 2. (a) Proposed voltage-mode control scheme, and (b) simulation 
results.

Fig. 1. (a) PIU with active capacitor banks, (b) assembly of one active 
capacitor, and (c) assembly of an equivalent capacitor bank. 

(a)

(a) (b)

(b) (c)
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Commutation Loop Analysis and Optimization for a SiC-
Based 25 kW, 380:460 V Three-Phase Matrix Converter

Reduction of commutation loop parasitics is crucial for the op-
eration of wide band-gap devices. Higher di/dt, and dv/dt rates 
during switching transients of SiC MOSEFTS cause greater 

overvoltages and ringing from stray inductances. Decreasing para-
sitics is especially important for a three-phase matrix converter ap-
plication, which has 3 phase legs and 9 power loops, as shown in Fig. 
1. 3D printed circuit board (PCB) layout strategies can be applied to 
design symmetrical, lower inductance commutation loops. 

Overlapping power traces cause magnetic flux cancellation, 
which in turn reduces overall loop inductance. This gain is limited 
by the presence of parasitic capacitances induced by the interaction 
of jumping nodes. Trade-offs between these factors must be consid-
ered when designing the layout of the PCB. Thermal management 

Fig. 2. Double pulse test simulation results for drain current (a) turn-on, 
(b) turn-off and drain to source voltage, (c) turn-on, and (d) turn-off.

Fig. 1. 3-phase matrix converter with outlined phase legs and a 
highlighted commutation loop.

must also be assessed in the layout of the commutation loops, as cer-
tain strategies inform constraints on the design. In this paper, vari-
ous cooling methods are discussed and evaluated. Thermal vias and 
a ceramic inlay are two techniques that both meet the requirements 
needed for this application. Power loop layouts of a single-phase leg 
are then completed for these cases.

The new phase leg layouts (P2 inlay, and P2 thermal via) are 
compared to an existing layout, P1, using finite element analysis 
(FEA) to extract the loop parasitics. These are then used to perform 
a double pulse test simulation. A sample of the results are displayed 
in Fig. 2. The lower commutation loop inductances produce lower 
peak voltages, and less ringing in the switching transients.

(a)

(c)

(b)

(d)
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Improved V2 Constant On-Time Control
with State-Trajectory Control

Today’s microprocessor voltage regulators need to meet strin-
gent voltage regulations with increasing load demands in the 
forms of higher current output and faster transient slew-rates. 

To meet these demands, voltage regulator control methods with 
high-bandwidth design are necessary. In recent years, V2 constant 
on-time (COT) control became popular due to its circuit simplicity 
and its ability to naturally achieve control bandwidth that is half of 
the switching frequency. High-bandwidth control allows the con-
verter to achieve a very fast transient response to meet the stringent 
regulations of the voltage regulator. However, due to the very fast 
transient response, V2 COT control can be lost for a period of time 
during a load step-up transient. In this paper, a state-plane trajectory 
control is proposed to improve the transient of V2 COT control.

V2 COT control is lost when it no longer operates in the steady-
state condition of output voltage (Vo) operating above the given ref-
erence voltage (Vref). During a fast and/or heavy load step-up tran-
sient, Vo can operate below Vref for a period of time, where V2 COT 
control is lost and an undesirable ringback occurs before control is 
regained, as shown in Fig. 1. In this case, a large signal analysis based 
on the system state-plane model is proposed to better understand the 
behaviors of V2 COT control.

The state-plane model contains all the necessary information 
describing the behavior of the system. From the state-plane model, 
the trajectories for the on- and off-stages of the system are derived. 
By plotting the state-plane trajectories in the normalized state-plane, 
the trajectories of each stage resemble a circle. The V2 COT control 
law is then mapped to the state-plane to study the behavior of the 
system with V2 COT control. Using the state-plane, the transient 
behaviors that are not observable in the time or frequency domain 
analysis are clearly represented. 

With a better understanding of the system, a state-plane trajec-
tory control is proposed to achieve the best transient response pos-
sible for V2 COT control. The best transient response is achieved by 
switching the system from on-stage to off-stage at an optimal point. 
Since the trajectories are circles, the optimal point can be calculated 
as an intersection of two circles and implemented as a current-limit-
ing wall. The system will operate in the on-stage until its trajectory 
hits the wall, and the system switches to the off-stage. Afterwards, 
the off-stage trajectory will bring the system to the vicinity of the 
new steady-state to achieve the best transient, as shown in Fig. 2. 
The time-domain operation of the proposed state-plane control is 
shown in Fig. 3. Fig. 3. Proposed state-plane trajectory control to achieve the best load 

step-up transient response.

Fig. 2. Proposed state-plane trajectory control to achieve the best load 
step-up transient response.

Fig. 1. Behavior V2 COT during a load step-up transient.
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Development of Data Acquisition Software
for Power System Impedance Measurement

Small-signal impedances of components in an 
electronic power system can be used to judge the 
stability of the system. Measuring impedances of 

the system needs a sophisticated control and software 
system. Such a system consists of a state-of-the-art 
data acquisition unit, several high-precision sensors, 
and a PC with the software for control and user in-
terface.

The main purpose of the data acquisition unit is 
to sample the signal and improve it by removing the 
noise, addressing possible aliasing issues, and remov-
ing small dc offset issues due to imprecise components 
in the signal conditioner. The digitally conditioned 
signal is also used for phase and frequency identifica-
tion and then sent to the PC for off-line impedance 
calculation and system stability estimation (offline 
data analysis).

The hardware of the acquisition unit is a Na-
tional Instrument PXI computer (NI PXIe-8840) with 
a high-performance DAQ card installed. The main de-
sign challenge for this unit is the software. To coordi-
nate the real-time task, the PXI computer is set to run 
the real-time operating system. The LabWindows/
CVI with real-time support module is used for real-
time software development. It is also selected for the 
development of high-level measurement control PC 
software. Using the same development platform for 
PXI and PC software makes development easier since 
code can be easily shared between platforms, which 
saves the cost of development. The measurement con-
trol application includes all the functional units for 
data acquisition, storage, and analysis, realized on the 
host computer with a non-real-time operating system. 

Different software techniques are used to ensure 
that an acquired digital signal will not be lost on its 
way to storage and to preserve required precision. The 
software solutions used to develop this system are dis-
cussed in this paper.

Fig. 2. Software architecture on the host computer.

Fig. 1. Block diagram of the software on the data acquisition unit.
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Active Voltage Balancing Embedded Digital Gate Driver 
for Series-Connected 10 kV SiC MOSFETs

To further push the device-operating voltage for applications 
beyond 10 kV, a series connection of 10 kV SiC MOSFETs is a 
cost-effective solution. However, a severe voltage sharing issue 

exists among series-connected devices under higher switching speed 
conditions because of the difference in the parasitic capacitors and 
gate signals of different devices. The voltage balancing is required 
for series-connected SiC MOSFETs. To minimize switching losses, 
active voltage balancing for series-connected 10 kV SiC MOSFETs is 
implemented instead of passive snubbers. 

For this purpose, a new gate driver (shown in Fig. 1) is de-
signed for active voltage balancing of two series-connected 10 kV 
SiC MOSFETs. The basic driving features of the gate driver design 
includes the high common-mode (CM) noise rejection layout, an ac-
tive Miller clamp circuit and Rogowski switching current sensor-
based fault protection. An FPGA is implemented for each device to 
coordinate the switching timing, protection, and active balancing 
logic. To achieve active voltage balancing, the following features are 
also designed: 1) miniaturized 10 kV drain to source voltage mea-
surement unit and its interconnection to gate-driver; 2) tunable 
gate signal delay time adjustment unit with 0.25 ns resolution; and 
3) Rogowski current sensing unit for fault current detection. 

Based on the developed gate driver, the FPGA-based closed-
loop gate signal timing control for active voltage balancing of se-
ries-connected 10 kV SiC MOSFETs is designed. In each switching 
cycle, the gate driver of the bottom device imposes an additional de-
lay time to the falling edge of the gate signal to control the turn-off 
time difference between the series-connected devices. The regulator 
is designed to adjust the delay time with a fixed-time step in each 
switching cycle. In order to have the capability to increase or reduce 
the bottom device voltage, a constant delay time is applied to the top 
gate driver so the bi-directional adjustment of turn-off time can be 
readily achieved. For protection, the gate driver of series-connected 
10 kV SiC MOSFETs detect fault separately. When the overcurrent 
or short-circuit fault happens, each gate driver sends the fault signal 
to the main controller and lets the main controller shut down the 
gate signals for series-connected devices simultaneously. The normal 
turn-off instead of soft turn-off is applied in such a protection strat-
egy.The proposed gate driver and active voltage balancing method 
are validated in a phase-leg test achieving 16 kV total blocking volt-
age, as shown in Fig. 2. 

Fig. 1. Experiment verification of designed gate driver at 16 kV.

Fig. 1. Designed gate driver for series-connected 10 kV SiC MOSFETs.
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Analysis of Parasitic Capacitor’s Impact
on Voltage Sharing of Series-Connected SiC MOSFETs
and Body-Diodes

To further push the device-operating voltage for applications 
beyond 10 kV, a series connection of 10 kV SiC MOSFETs is a 
cost-effective solution. However, a severe voltage sharing issue 

exists among series-connected devices under higher switching speed 
conditions because of the difference in the parasitic capacitors and 
gate signals of different devices. Parasitic components, particularly 
the parasitic capacitors, surrounding the devices and gate-drivers 
introduce different voltage imbalance of series-connected SiC MOS-
FETs under different conditions. The impact of parasitic capacitors 
requires a detailed investigation. The understanding of such impacts 
will help design engineers select the proper devices, gate-drivers, and 
packaging solutions to enable sufficient voltage-safety margins when 
operating the series-connected devices under high-speed switching 
operations.

In this work, the impact of parasitic capacitor is analyzed. 
Drain/source to heatsink/baseplate parasitic capacitors and heat-
sink to dc-bus parasitic capacitors will introduce extra drain-source 
parasitic capacitors across devices, and the value of parasitic capaci-
tor difference changes under different heatsink connection schemes 

Fig. 2. Voltage sharing of series-connected 10 kV SiC MOSFETs with 
different heatsink connection scheme.

Fig. 1. Voltage sharing of series-connected 10 kV SiC MOSFETs with 
different external gate parasitic capacitor.

and locations. The devices connected directly to the dc-bus termi-
nals have the larger parasitic drain-source capacitor caused by the 
heatsink/baseplate. The gate parasitic capacitor will result in an extra 
gate current during the transient, and the current difference is not 
affected under different heatsink connections or locations. The top 
device (M1 and M3 in Fig. 1) in the series-connected devices always 
has an extra discharge current through the gate parasitic capacitor. 

The voltage sharing of series-connected 10 kV SiC MOSFETs 
under different conditions is shown in Fig. 1 and Fig. 2. Under low 
load-current conditions, all load current charges the Coss of MOS-
FETs. The voltage difference is affected mostly by drain-source para-
sitic capacitors. Gate parasitic capacitors have a limited impact under 
low load-current conditions. Under high load-current conditions, 
the parasitic capacitors affect the gate Miller plateau voltage level. 
A larger drain-source capacitor results in a lower Miller plateau 
voltage, which helps equalize the dv/dt of the two devices. The gate 
parasitic capacitors always result in a lower Miller plateau voltage 
for the top device in series-connection and consequently results in a 
higher dv/dt for the top device.
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A Novel D-Q Impedance Measurement Method
in Three-Phase Balanced Systems

The stability of electronic power systems is essential to the safety 
and reliability of the system designs. Optimum stability analy-
sis and measurement techniques are being discussed more fre-

quently in the literature. One approach of assessing system stability 
is the generalized nyquist criterion (GNC), which is based on d-q 
frame impedances. An impedance measurement unit (IMU) can be 
used to acquire d-q frame impedances for a three-phase balanced sys-
tem. A novel d-q frame impedance measurement method, namely 
the single-phase impedance measurement approach, is applied to a 
three-phase balanced passive circuit and a voltage source inverter 
(VSI) separately. In this approach, only single-phase data are needed. 
A comparison of measured results proves the capability of the single-
phase impedance measurement method to obtain three-phase d-q 
frame impedances. In a passive circuit, both measurement methods 
only demand single-phase perturbation, as in Fig. 1. In the converter 
circuit, the three-phase impedance measurement method still only 
needs a single-phase perturbation, while the single-phase impedance 
measurement method requires three separate balanced, single-phase 
perturbations, as in Fig. 2.

The single-phase impedance measurement process has been 
applied to two prototype three-phase balanced systems. For passive 
circuits, voltage perturbations and current responses are both mul-
tiplied by the ratio of square root of 8/3 in single-phase impedance 
measurement compared to three-phase measurement, leading to the 
same impedance measurement results. For a converter system with 
d-q frame controls, in order to obtain accurate impedance measure-
ment results using the single-phase impedance measurement meth-
od, three-phase balanced perturbations are required by the imped-
ance measurement unit, regardless if the three phases are perturbed 
together or separately. The analysis shows that only six sensors are 
needed for measuring d-q impedances of three-phase balanced pow-
er systems. Compared to the traditional approach, this method will 
reduce the quantity of sensors. The reduction in sensors is especially 
beneficial for high-voltage and high-power applications where bulky 
and expensive current and voltage sensors are needed.

Fig. 2. Single-phase measurement method on a VSI with current control 
under three separate phase perturbations. 

Fig. 1. Impedance measurement results for a passive load. 



189CPES ANNUAL REPORT 2020

Shipboard PEBB Cooling Strategies

Power electronic building blocks (PEBBs) are converters that 
provide robust control and hardware for power conversion 
and management in an extremely power-dense package. De-

spite their high power-conversion efficiency, the heat dissipated by 
these PEBBs poses serious thermal challenges. As a result, we explore 
herein several cooling strategies applicable to shipboard PEBBs, 
namely PEBB 1000 and PEBB 6000, both currently under develop-
ment at CPES.

The thermal management of PEBBs can be divided into three 
aspects, as shown in Fig. 1: internal cooling, thermal interface (PEBB 
envelope), and external cooling. The internal cooling ensures proper 
heat dissipation from the local heat sources (e.g., MOSFET) to the 
thermal interface via diffusion and natural convection. Similarly, the 
thermal interface plays a key role in providing necessary heat flow 

Fig. 2. Forced air-cooled PEBB 1000 with an extended surface and 
different fin density.Fig. 1. Three aspects of PEBB cooling.

paths from the PEBB interior to its exterior for an even heat distri-
bution and increased heat transfer to the external cooling medium. 
The external cooling of PEBBs is typically achieved with forced air 
or liquid while more sophisticated methods such as heat pipes and 
microchannels may be employed to spread heat to a larger area.

The advantages and disadvantages of several options for exter-
nal cooling of PEBB units are explored, including air cooling, single-
phase liquid cooling, external liquid cooling with a dry interface and 
other advanced methods. Based on calculation and simulation results 
like the one shown in Fig. 2, the proper cooling options can be deter-
mined based on the loss requirements and other thermo-mechanical 
considerations. Per the results, preliminary numerical simulations 
indicate that air cooling is likely to be sufficient to meet the cool-
ing needs of the PEBB 1000, as long as the internal heat sources are 
placed in direct contact with the thermal interfaces followed by op-
timized heat-sink-finned structures. For the higher voltage/power 
PEBB units, air cooling, water cooling, and water cooling with a dry 
interface all have potential for meeting the cooling needs and war-
rant further investigation. In any case, the localized heat generated 
within the PEBB will require spreading to a larger surface area for 
subsequent transfer out of the PEBB. Having identified potential 
cooling strategies for PEBB 1000 and PEBB 6000, future work should 
include additional analysis to determine efficacy, efficiency, size and 
weight of the possible methods.



190 NUGGETS | Sponsored

Superjunction Power Transistors with Interface 
Charges: A Case Study for GaN

One of the main objectives in the design of power devices is to 
obtain a high off-state breakdown voltage (VB) while keeping 
a low on-state specific resistance (Ron,sp).Traditional unipolar 

devices are limited by the theoretical trade-off that Ron,sp increases 
with the square of VB. A vertical superjunction (SJ) structure could 
break this theoretical limit. However, due to the challenges in form-
ing multiple n-/p-pillars with precisely controlled doping and charg-
es, no experimental demonstration of vertical SJ devices has been 
reported. 

Recent progress in p-GaN trench-filling epitaxy has shown 
promise for the demonstration of GaN SJ devices. However, the 
presence of n-type interface charges at the regrowth interfaces has 
been widely observed. Fig. 1 is an illustration of the SJ structure with 
an interface charge. These interface charges pose great challenges to 
the design and performance evaluation of SJ devices. 

This work demonstrates an analytical model for SJ devices 
with interface charges for the first time; the model is derived from 
an electrostatic equation. This analytical model provides important 
design guidelines to minimize the adverse impacts induced by in-
terface charges on SJ performance. Two different design guidelines 
were quantitatively investigated for GaN SJ devices, one to adjust 
doping concentration and the other to adjust geometry. The doping 
modulation was identified to be a superior approach to compensate 
interface charges. The TCAD simulation of vertical GaN SJ transis-
tors validated our analytical model, as shown in Fig. 2. With opti-
mal designs, vertical GaN SJ transistors with interface charges re-
tain great advantages over the conventional GaN power transistors, 
while their design windows are smaller compared to ideal GaN SJ 
devices. This work provides important design guidelines for a verti-
cal GaN SJ devices demonstration.

Fig. 2. (a) Electrical field distribution of SJ with interface charge; 
(b) electrical field distribution of SJ without interface charge; 
(c) electrical field along A direction; and (d) electrical field along B 
direction.

Fig. 1. Illustration of n-pillars and p-pillars with interface charge.

(c) (d)

(a) (b)
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