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he Center for Power Electronics Systems at Virginia Tech is a
research center dedicated to improving electrical power pro-
cessing and distribution that impact systems of all sizes — from
battery — operated electronics to vehicles to regional and national
electrical distribution systems.

Our mission is to provide
leadership through global collab-
orative research and education for
creating advanced electric power
processing systems of the highest
value to society.

CPES, with annual research
expenditures of $5 million US
dollars, has a worldwide reputa-
tion for its research advances, its
work with industry, and its many
talented graduates. From its back-
ground as an Engineering Research
Center for the National Science
Foundation during 1998 - 2008,
CPES has continued to work
towards making electric power
processing more efficient and more
exact in order to reduce energy
consumption.

Power electronics is the
“enabling infrastructure technol-
ogy” that promotes the conver-
sion of electrical power from its
raw form to the form needed by
machines, motors and electronic
equipment. Advances in power
electronics can reduce power con-
version loss and in turn increase
energy efficiency of equipment and processes using electrical power.
This results in increased industrial productivity and product quality.
With widespread use of power electronics technology, the United States
would be able to cut electrical energy consumption by 33 percent. This
energy savings in the United States alone is estimated to be the equiva-
lent of output from 840 fossil fuel based generating plants. This savings
would result in enormous economic, environmental and social benefits.
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CPES INDUSTRY CONSORTIUM

he CPES industrial consortium is designed to cul-
tivate connectivity among researchers in academia
and industry, as well as create synergy within the
network of industry members. The CPES industrial
consortium offers the best mechanism to stay abreast of
technological developments in power electronics.
The CPES connection provides the competitive edge
to industry members via:
+ Access to state-of-the-art facilities, faculty exper-
tise, top-notch students
+ Leveraged research funding of over $5 million
per year
+ Industry influence via Industry Advisory Board
and research champions
+ Intellectual properties with early access for Prin-

(Intellectual Property Protection Fund)

+ Technology transfer made possible via special
access to the Center’s multi-disciplinary team of
researchers, and resulting publications, presenta-
tions and intellectual properties

+ Continuing education opportunities via profes-
sional short courses offered at a significant dis-
count

+ Option to send engineers to work with CPES
researchers on Campus via the Industry Residence
Program.

The CPES industrial consortium offers the ideal
forum for networking with leading-edge companies and
top-notch researchers and provides the best mechanism
to stay abreast of technological developments in power
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Principal Plus Members (annual contribution -
$50,000) - gain tangible benefits via research collaboration
with CPES as a member of one of the mini-consortia on
focused research -- PMC (Power Management Consor-
tium), HDI (High Density Integration), or REN (Renew-
able Energy and Nanogrids). Companies interested in
more than one focused research areas may join another
mini-consortium for an additional annual contribution
of $50,000 each. In additiion to all the benefits offered to
Principal and Associate Members, Principal Plus Members
have easy access to cutting-edge IPs via CPES IPPF (Intel-
lectual Property Protection Fund).

Principal Members (annual contribution - $25,000)
- are well positioned to influence and guide CPES as Indus-
try Advisory Board (IAB) members. Principal Members
also have cutting-edge IP advantage via automatic IPPF
(Intellectual Property Protection Fund), in addition to all

the benefits offered to Associate Members.

Associate Members (annual contribution - $10,000)
- gain the 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 course to stay abreast of new technolo-
gies. Companies participating in the Industry Residence
Program must be actively engaged in collaborative research
with the Center in technical areas that are of mutual inter-
est, 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. Mem-
bership participation at this level requires Center Director
approval.
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ABB, Inc.

Agilent Technologies

Alstom Transport

Chicony Power Technology Co., Ltd.
China Nat'l Electric Apparatus Res. Inst.
Crane Aerospace & Electronics

CSR Zhuzhou Institute Co., Ltd.

Delta Electronics, Inc.

GE Global Research

GE Power Conversion, Inc.

General Motors

AcBel Polytech, Inc.
Altera - Enpirion Power
Analog Devices

Eleek

Emerson Network Power

Fairchild Semiconductor Corp.

AVX Corporation

Calsonic Kansei Corporation

Crown International

Cummins, Inc.

Delphi Electronics & Safety

Dyson Technology Ltd.

Eaton Corporation, Innovation Center
Efficient Power Conversion

GHO Ventures, LLC

Hitachi Computer Peripherals Co., Ltd.
Hitachi, Ltd.

Inventronics (Hangzhou), Inc.
Johnson Controls, Inc.

Lexmark International

Lite-On Technology Corporation

%

U

Groupe SAFRAN

Huawei Technologies Co., Ltd.
Infineon Technologies
International Rectifier

Linear Technology

Macroblock, Inc.

Mitsubishi Electric Corporation
Murata Manufacturing Co., Ltd.
NEC TOKIN Corporation
Nissan Motor Co., Ltd.

NXP Semiconductors

Richtek Technology Corporation
Rolls-Royce

Samsung Electronics Co.

Siemens Corporate Research
Sumitomo Electric Industries, Ltd.
Texas Instruments

The Boeing Company

Toyota Motor Engineering & Manufac-
turing North America, Inc.

United Technologies Research Center
ZTE Corporation

Halliburton
Maxim Integrated Products
ON Semiconductor

Power Integrations

LS Industrial Systems Co., Ltd.
Marvell International Led.
Metamagnetics, Inc.

Microsoft Corporation
Monolithic Power Systems
NetPower Technologies, Inc.
OSRAM Sylvania, Inc.
Panasonic Corporation
Schaffner EMV AG
Shindengen Electric Mfg. Co., Ltd.
Silergy Technology

TDK Lambda Corporation
Toyota Motor Corporation

Universal Lighting Technologies, Inc.

ANSYS, Inc.

ChiasTek, Inc.

CISSOID

Electronic Concepts
Plexim GmbH

Rohde & Schwarz
Simplis Technologies, Inc.
Synopsys, Inc.

Tektronix, Inc.
Transphorm, Inc.

Trendsetter Electronics

VPT, Inc.
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Intellectual Property Protection Fund

IPPF is a unique IP access mechanism that provides
extraordinary IP advantage to all Principal-level mem-
bers. IPPF is available automatically, at no additional cost,
to Principal Plus and Principal members. IPPF members
meet quarterly with inventors to discuss invention dis-
closures and jointly decide which technologies to protect,
with patenting costs covered by IPPE. Once a technology
is protected, IPPF members are granted a royalty-free,
non-exclusive, non-transferable license to use the tech-
nology. IPPF is applicable only to technologies developed
by CPES-VT researchers under the CPES industry con-
sortium.

CPES Mini-Consortium Program

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 pre-competitive
technologies to address common challenges, and sharing
the research results among mini-consortium members.

Mini-consortium members are enrolled in CPES
as Principal Plus Members, with annual contribution of
$50,000. They gain tangible benefits via research collabora-

Patent Funding

Industry
~ ) Relevance

Technology
Developed

&

University
Research

' Research Funding

tion with CPES as a member of one of the mini-consortia
on focused research:

* PMC (Power Management Consortium)

+ HDI (High Density Integration)

* REN (Renewable Energy and Nanogrids)
Companies interested in more than one focused
research areas may join another mini-consortium for an

additional annual contribution of $50,000 each.

ks INDUSTRY
& ACADEMIA
ifix GOVERNMENT
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MINI-CONSORTIUMS
®n@



QO

Power Management Consortium (PMC)

In 1997, at the request of Intel, CPES established a
mini-consortium to address the issue of power manage-
ment for future generations of microprocessors, target-
ing at sub-1 volt and 100-200 amps current. As a result
of this focused research, the CPES team has developed a
multi-phased voltage regulator module. Instead of paral-
leling power semiconductor devices in order 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, not only were we able to cancel the signifi-
cant part of the output current ripple, but also to increase
the ripple frequency by N time, where N is the number of
channels we parallel. This resulted in demonstrated im-
provement, specifically, 4 times improvement in transient
response, 10 times reduction in output filter inductors, 6
times reduction in output capacitors, 6 times improve-
ment in power density, and 3 times improvement in pro-
file.

The new generation of Intel’s microprocessor is op-
erating at a much lower voltage and higher current, with

a fast dynamic response in order to implement the sleep/
power mode of operation. This particular mode of opera-
tion is necessary to conserve energy, as well as to extend
the operation time for any battery-operated equipment.
The challenge for the voltage regulator module in this
case is to provide a precisely regulated output with fast
dynamic response in order to transfer energy as fast as
possible to the microprocessor.

Today, every Intel processor is powered by such multi-
phased VRMs developed by CPES. CPES researchers are
focused on developing pre-competitive technologies in the
areas of power management for distributed power system
architectures, EMI/EMC, power quality, high-frequency/
high-density AC/DC and DC/DC converters, voltage
regulator (VR) and POL converters in such applications
as powering the microprocessor, tablet, notebook, desktop,
server, networking products, telecom equipment, solid
state lighting, battery system, PV system and other elec-
tronic applications.

Chicany

POWER TECHNOLOGY

A\nELTA
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WORK SCOPE:

and Design

+ Digital Control

+ EMI
* Solid State Lighting

/ Power Management Consortium (PMC%

X ) b,

+ High-Performance VRM/POL Converters

+ High-Frequency Magnetics Characterization

afineon

Infernational Rectifier

+ High-Frequency Modeling

+ High Efficiency Power Architectures for
Laptops, Desktops and Servers

+ Power Management for PV System

NEC TOKIN
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+ Power Management for Battery System
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Mini-Consortium on High Density Integration (HDI)

Over the past two decades, CPES has secured
research funding from major industries, such
as GE, Rolls-Royce, Boeing, Alstom, ABB, Toy-
ota, Nissan, Raytheon, and MKS, as well as from
government agencies including the NSF, DOE,
DARPA, ONR, U.S. Army, and the U.S. Air Force,
in research pursuing high-density system design.
CPES has developed unique high-temperature
packaging technology critical to the future power-
electronic industry.

In the HDI mini-consortium, the goal of
high power density will be pursued following two
coupled paths, both leveraging the availability of
wide-bandgap power semiconductor, as well as
high-temperature passive components and ancil-
lary functions. The switching frequency will be

@bELTtI

aLsTom| JASEANS
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High Density Integration (HDI) \

Work Scope:

« Integration Technologies
« Components

* Module-Level Integration
+ System-Level Integration
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Changes for the Better
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pushed as high as component technologies, thermal
management, and reliability permit. At the same time, the
maximum component temperatures will be pushed as
high as component technologies, thermal management,
and reliability permit.

The emergence of wide bandgap semiconductors
such as Silicon Carbide (SiC) and Gallium Nitride (GaN)
makes it possible to realize power switches that operate at
frequency beyond 5 MHz and temperature beyond 200°
C. As the switching frequency increases, switching noise is
shifted to higher frequency and can be filtered with small
passive components, leading to improved power density.
Higher operating temperatures enable increased power
density and applications under harsh environments, such
as military systems, transportation systems, and outdoor
industrial and utility systems.

The HDI mini consortium recognizes that the high
frequency, high temperature switches need to be accompa-
nied by high frequency or high temperature components
and packages in the remainder of the power electronic
system. Thus, HDI has developed die attach materials that
can be processed at low temperature, yet are reliable at the
temperature of the wide band gap junction. Processes have
been developed to encapsulate ultra thin planar packages
with polymer having high glass transition temperature
and dielectric strength. Techniques to decouple the noise
loops have been identified to enable high dV/dt commuta-
tion. Magnetic powder with low core loss density has been
synthesized from magnetic metals for 1-5 MHz operation.
Inductors have been integrated into the converter package
as a substrate to achieve power density approaching 1 kW/

in3. Design methodologies for high temperature capaci-
tors, power buses, protection, sensing, digital control, etc.
have also been documented.

The current scope of work being conducted includes the
following topics:
@ Integration technologies

O Die attachment on copper surface by sintering of
nano scale silver paste
High temperature encapsulants for power electronic
modules — thermal stability of nano composites
Magnetic materials for high frequency conversion
and EMI containment

O

O

Components

O Characterization and modeling of wide bandgap
semiconductor devices

O Low profile magnetic substrate

O Magnetic structures with high energy density

® Module level integration

O High speed and high temperature SiC power
module for high frequency motor drive systems

O High temperature performance and reliability of
planar power modules with double sided cooling
capability and sintered joints

O Integrated passives module for resonant conversion
and EMI containment

System level integration

O High frequency converter packaging

O EMI and emission containment

O High temperature converter packaging

O
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Mini-Consortium on Renewable Energy and Nanogrids (REN)

This 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 REN mini-consortium al-
lows CPES to pool resources and focus on developing pre-
competitive technologies to address common challenges,
and sharing the research results among mini-consortium
members. The main objective of the REN mini-consor-
tium is to expand CPES’ expertise in autonomous electric
power systems (already established for transportation and
IT), into the area of renewable energy and storage systems
integration in the electric grid through power electronic
converters, while providing competitive research and ed-
ucation in that area.

The current research directions of the REN mini-
consortium comprise three different topics listed below
with corresponding sub-topics. Additionally a REN system
testbed structure is planned to be designed and built in
the near future for the experimental validation purposes.
WORK SCOPE:

@ dc- Nanogrid Operation and Performance
O Nanogrid architectures and design (380 V dc bus,
48 V dc bus, and 480 V ac bus)
O Bidirectional ac-dc nanogrid-interface converter —
Energy Control Center
O Battery-, PV- and wind- interface converters

O Power management strategies and optimization
of energy utilization (wind, PV and storage in
nanogrids)

System stability, operation and performance
Hierarchical system modeling, analysis, and design
Dc outlets, ac and dc fault current limiting, system
protection, prevention of arcing, etc.

000

Modular Multi-level Converters for Nanogrids

O 3-level bidirectional ac-dc nanogrid-interface con-

verter

O Harmonic/EMI filter design for interconnection of

multi-level converters to nanogrids

O Modeling, design and control of modular multi-
level converters

O Modular multi-level converter for impedance mea-

surements in ac- and dc- nanogrids

@® Power Electronics Applications for Enhanced Grid

Performance and Resource Integration

O Hierarchical network of dynamically-decoupled
electronically-interconnected sub-networks
(picogrid, nanogrid, microgrid, ...intergrid)

O Power sharing, dynamic interactions, and stability
in grid-connected and islanded systems with power
electronics converters

O Use of power electronics converters at distribution
and transmission levels for P-fand Q-V operation.

Renewable Energy and Nanogrids (REN)

microgrid

IMPEDANCE MEASUREMENT

yscc

ACTIVEIPASSIVE
LOAD

Work Scope

* DC- and AC- nanogrid
operation and
performance

=200 kW

480V, 1-phase, 60Hz
(1Hz ~3)
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* Modular multi-level
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n its efforts to develop power processing systems to take
electricity to the next step, CPES has developed research
expertise encompassing five 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.
These technology areas target applications that

include: (1) Power management for information and com-
munications technology; (2) Point-of-load conversion for
power supplies; (3) Vehicular power conversion systems;
(4) Renewable energy systems.

In 2014, CPES sponsored research totaled approxi-
mately $3 million. The following abstracts provide a quick
insight to the current research efforts.

Application Areas

/" PowerManagementfor : ;
([Computers, Telecommunication| [ Point-of-Load Conversion

\ / Converter Systems

/" Vehicular Power \‘. / Renewable Energy \-

Systems

Technology Areas

,»/' Power Conversion
V Topologies and

Components
Architectures -

'\ - - -

| :
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[ ¥ '™ \‘\. \1\;\ i» : y | .'\. : e
\ = || oS B \a o Y1 T L A

P — . A N
/” PowerElectronics \ / Modeling and Control \ / EMI and PowerQuality\'v (High Density Integration |
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Power Supplies on a Chip (PSOC)

Sponsored by: ARPA-E, ADEPT Program (Advanced Research Projects Agency
Energy, Agile Delivery of Electrical Power Technology)

Research collaborators: International Rectifier, University of Delaware, Enpirion
(September 1,2010- March 31,2014)

The first phase of the project aims to develop a proof of-
concept prototype power supply on chip (PSOC) using-
GaN devices operating at 5-10MHz. The target was to
achieve a power density greater than 1000W/in 3 with
88% efficiency. The proposed three-dimensional PSOC
would be constructed using IR’s GaN devices and Si-
gate driver IC’s assembled on top of a 1 mm magnetic
substrate using a high frequency soft magnetic material.
Such a level of integration has never been attempted with
a current greater than 5A. The proposed prototypes will
extend the current to 20- 40A at 12V input voltage, target-
ing such applications as computer, mobile electronics,and
telecommunication. After successful completion of phase
1, a 5SMHz, 12V to 1.2V, 20A, two-phase integrated POL
converter with GaN transistors and coupled-inductor
substrate is demonstrated with power density as high as
1000 W/in 3,which is a factor of 10 improvements com-
pared to industry products at the same current level. In
phase II, CPES is collaborating with Enpirion/Altera and
focusing on commercializing this 3D integrated POL
module. We are trying to transfer CPES’s technologies,
such as inductor substrate and 3 packaging design into
Enpirion’s products to develop silicon based 1-2MHz, 15-
20A, 3D integrated POL module, which still can achieve
power density as high as 900W/in 3. Currently both single
phase and two phase modules have been fabricated. The
performance of single phase module successfully meets
the design targets. The evaluation of two phase module
is undergoing. Furthermore, we will do research on de-
sign optimization of the two phase coupled inductor to
improve its transient performance for whole load range.

A Study of Multi-Channel Constant Current Driver for
Multiple Solid-State Light Sources on DC Distribution
System

Sponsored by: Panasonic Electric Works

(April 1,2011 - March 31, 2014)

Recently, many applications such as display backlighting,
indoor lighting and street lighting, all prefer multi-chan-
nel LED drivers. In this project, a design methodology for
MC3 LLC LED driver has been developed. The frequency
controlled analog dimming solution has been verified by
both simulation and experimentation. The circuit behav-
ior under open and short failure is investigated as well.
Moreover, in order to achieve lower dimming ratio and
keep higher efficiency, the hybrid control approach com-
bining with asymmetrical PWM control and frequency
control is proposed. We are currently developing a two
stage LED driver with multi-channel constant current
resonant converter, which can drive multiple LED strings
with uneven LED number.

Multi-Phase Auto-Tuning Self Compensating Power
Supply Control Systems

Sponsored by: Energy Research Corporation

(September 1,2012 — August 31, 2014)

The multi-phase voltage regulator (VR) has been widely
used to power microprocessors. For multi-phase VR, a
constant output impedance design is usually used to re-
duce the output capacitor bank. Conventionally, a fixed
analog compensation network is chosen to compensate
the worst-case component (such as inductor and output
capacitor) variations on the plant, which will limit the
converter bandwidth. Furthermore, since a microproces-
sor runs into sleep mode very frequently, several green-
mode functions have been used to improve the light load
efficiency such as phase shedding, discontinuous mode
operation, and frequency changes. However, the plant
characteristic will also change with these techniques under
sleep mode, and will influence the stability and transient
response during mode transitions. Therefore, it is very
challenging and attractive to investigate multi-phase self
tuning power supply control systems which can compen-
sate the component variation and mode transition with-
out suffering from the worst-case design compromises.
In this project, a self-tuning power supply control system
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will be developed to self-identify the plant characteristic
change from component variation and operating mode
transitions, and then adaptively adjust the compensation
parameters to maintain stability and system performance.
Therefore, external compensation circuitry and the out-
put capacitor bank can be reduced to reduce total cost.
We have already proposed several control methods with
auto-tuning function to improve transient performance
of voltage regulator. We are currently doing the prototype
development.

Gallium Nitride Switch Technology for Bi-Directional
Battery to Grid Charger Application

Sponsored by: ARPA-E, ADEPT Program (Advanced Research Projects Agency -
Energy, Agile Delivery of Electrical Power Technology)

Sub — Awardee of: HRL

(October 1,2010 — March 31, 2014)

The purpose of the project is to develop efficient, high
power, and cost effective power converters with applica-
tion to the automotive sector. More specifically, it will
utilize high voltage Gallium Nitride (GaN) on low cost
silicon substrate switches operating at megahertz fre-
quencies. GaN semiconductors process electricity faster
than the silicon semiconductors used in most conven-
tional EV battery chargers. These high-speed semicon-
ductors can be paired with lighter-weight electrical circuit
components, which helps decrease the overall weight of
the EV battery charger. The innovative design will result
in a battery-to-grid bi-directional charger that enables
efficient, cost effective power management focusing on
grid-interactive distributed energy systems for the auto-
motive sector.

High Density Motor Controller
Sponsored by: The Boeing Company
(August 1,2005 — March 31, 2014)
In this project, a 10 kW high power density three-phase
ac-dc-ac converter together with a high density PCB axial
flux motor were developed and electrically evaluated. The
converter consists of a Vienna-type rectifier front end
and a two-level voltage source inverter (VSI). In order to
reduce the switching loss and achieve a high operating
junction temperature, SiC JFETs and SiC Schottky diodes
are utilized. The design considerations for the phase-leg
units, the gate driver, the input filter, the system protec-
tion and motor operation are investigated in detail. Ex-
periments are carried out under different conditions, and
the results verify the feasibility of the full system.

A second phase of the project has devoted its effort to
the weight minimization of the inverter and EMI filters

required by 100 kW motor controllers. To this end parallel
converter configurations have been explored using sym-
metric and asymmetric interleaving PWM techniques,
which have achieved harmonic cancellation at both the
AC and DC terminals of power converters with a great
impact on the EMI filter weight minimization. Addition-
ally, multi-level power converter topologies have been
investigated seeking further reduction of EMI emissions,
higher power conversion efficiency, and superior power
density.

System Stability and Analysis

Sponsored by: The Boeing Company

(October 22, 2004 — December 31, 2013)

CPES has developed design criteria and analysis tools for
integrating ac and dc distributed power electronics con-
version systems for the stable, safe and reliable operation
of future aircraft electrical power systems. These power
electronics systems combine numerous and different
types of power converters, which when interconnected
can easily interact with each other if no precautionary
measures are taken. These interactions can easily lead
to instabilities and system faults. Therefore, it is impor-
tant to study the operation of the system carefully as part
of its design process. As a demonstration testbed, CPES
modeled a large electrical distribution system where it
addressed the actual model implementation of the sev-
eral components considered using the detailed switching
models. CPES also evaluated the testbed correct operation
by means of Lyapunov’s indirect method—Iocal assess-
ment of large signal stability, studying as well the effect
of faults in the system providing insight into the choice
of models for the respective studies conducted. In addi-
tion, CPES developed ac-system small-signal stability cri-
teria. For the verification of these stability analysis, CPES
has developed an AC impedance tester to be capable of
measuring the synchronous d-q frame impedance of ac
networks and power converters for later use in stability
studies. After delivering a first unit, CPES has developed
an upgraded impedance tester unit capable of measuring
in both shunt and series connection modes for improved
accuracy.

In order to facilitate complex system-level simula-
tion and analysis, CPES is developing enhanced average
models that should be capable of capturing not just the
fundamental frequency but also the mid-frequency range
(up to half of switching frequency) large-signal behavior
of power converters. The enhanced converter models will
enable the simulation and study of phenomena other-
wise neglected by conventional average models, including

O
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distortion induced by dead-time, digital sampling, and
other controller and power stage nonlinearities. To this
end CPES has adopted an advanced modeling framework,
namely validation, verification and uncertainty quantifi-
cation (VV&UQ), which will empower the simulations
conducted to fully estimate the level of uncertainty in the
simulation predictions by taking into consideration all
random (aleatory) uncertainty and lack-of- knowledge
(epistemic) uncertainty in model inputs. In addition, it
incorporates uncertainty due to the mathematical form
of the model (relative to actual test data) and it provides
a procedure for quantifying uncertainty due to numerical
errors. The application of this modeling framework to a
three-phase boost rectifier is presently underway.

Optimization of AC/AC Motor Controller Power
Quality and EMI Filter Topology

Sponsored by: United Technologies Aerospace Systems

(January 1,2012- December 31,2014)

The objective of this work was the optimization of the
combined power quality and EMI filters for motor con-
troller comprising input power circuits fed by variable
frequency power bus, and output power circuits that drive
variable speed electric motors. The effect of the thermal
and electrical characteristics associated with new materi-
als with particular application on the EMI and PQ filters
was thoroughly investigated demonstrating the advan-
tages offered. From an EMI-filter weight minimization
standpoint, interleaved two-level topologies, three-level
topologies and 18-switch matrix converters were evalu-
ated and compared face-to-face against the state-of-the-
art two-level topology.

The second phase of this work has honed its efforts on
the optimization of small local converters, each built on
PCB cards addressing the combined power quality, EMI
and thermal requirements and fed by variable frequency
AC or higher voltage DC power bus and output power
circuits that provide regulated 28 V DC power. The ef-
fect of the thermal and electrical characteristics associated
with a number of power topologies and the trade off in
their performance in terms of weight, size and perceived
reliability was investigated. Addressing single-phase pow-
er conversion first, a novel three-level semi-bridgeless
PFC topology was developed to achieve 99% efficiency.
For three-phase power conversion, a dual channel Vien-
na-type three-level converter was developed and tested
surpassing 99% efficiency too. The third phase of this
project will address the efficient power conversion from
270 VDCto 28 V DC.

High-Temperature, High Power Density Power
Converter for Embedded Generators

Sponsored by: Rolls Royce

(January 1,2011 — September 30, 2013)

The objective of this project was to evaluate and demon-
strate the feasibility of developing a complete high-pow-
er, high-temperature, high-power-density bidirectional
three-phase ac-dc power converter unit required to oper-
ate embedded in generators at temperatures ranging from
200-250° C. In the Phase II of this program, the focus was
on the development and validation of the critical system
components at the rated power and temperature, and on
the functional integration of the equivalent low-tempera-
ture subsystems at reduced power level.

The final phase of this project concentrated on the
thermo-mechanical design, integration of all the system
components and subsystems, and on the testing, charac-
terization, evaluation, and demonstration of the complete
system at full power and high ambient temperature. As a
result a 50 kW three-phase power converter using 1.2 kV,
100 A SiC power modules designed and built at CPES and
rated at 200° C was successfully built and demonstrated to
operate in this high temperature environment.

Terminal Modeling of Noise Source in Switching
Power Converters

Sponsored by: Hispano Suiza, SAFRAN

(October 1, 2010 -September 30, 2014)

The main objective of this research is to develop terminal
models of noise sources in switching converters for easy
EMI analysis. These models must be scalable for differ-
ent load and source conditions. Conventional methods of
EMI modeling use physics based models of semi-conduc-
tor devices and EMI coupling paths. Due to the complex
nature of these models the simulations often fail to con-
verge or lead to unusable results.

In its latest phase this project is exploring the use of
terminal models for the development of EMI filter design
procedure. Its main focus is the design of filters for paral-
lel inverters using interleaved PWM techniques.

The efforts in this research are aimed at simplifying the
simulations by using Thevenin or Norton models of these
noise cells. Here “noise-cell” may refer to both device level
(single device or a Phase-leg) and converter level abstrac-
tion. The afore method has been successfully demonstrat-
ed so far on an industrial low-voltage 10 kW motor drive,
for which the unterminated EMI model of its 3-phase
voltage source inverter (VSI) was built showing how it
could predict the EMI behavior of the motor drive un-
der varying conditions. The present effort in this topic is
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the development of said EMI model for SiC-based power
converters switching at 50-100 kHz, in order to assess the
prediction capability for high switching frequency power
converters.

A new research area recently opened in this project has
been to explore the benefits and challenges from an EMI
emission and filtering standpoint that multilevel power
converters offer. These are increasingly replacing two-lev-
el converters in various applications due to their overall
better performance; especially in what regards harmonic
and EMI standards compliance.

Impedance Measurement Unit (IMU) for 4160V AC
Networks

Sponsored by: Office of Naval Research

(November 1, 2012 — June 30, 2014)

In this project, CPES will design, construct, integrate
and test a medium voltage (MV) impedance measure-
ment unit (IMU) to assess the stability of electric power
systems and components for future Navy electric ships.
The IMU will be rated at 4160 V AC, 100 A, and uses 10
kV SiC semiconductor devices to demonstrate its opera-
tion at higher voltages and power level, as well as their
exceedingly faster switching speeds enabling the IMU to
characterize impedances from DC up to 1kHz. At the in-
termediate scale, the IMU will be capable of injecting 5%
system current and 5% system voltage, performing all the
data acquisition and necessary post processing. CPES will
investigate the use of modular power converter topolo-
gies suitable for scaling the IMU towards higher MV net-
works, as well as single-phase injector solutions capable
of measuring three-phase synchronous d-q frame imped-
ances in an effort to reduce the overall complexity of the
IMU.

The Next Generation Power Converter: Applications
for Enhanced T&D Grid Performance and Resource
Integration

Sponsored by: URS Energy and Construction/National Energy Technology
Laboratory

(July 1, 2012 — November 14, 2013)

As a member of the NETL-RUA Grid Technologies Col-
laborative (GTC) group, CPES has been putting efforts
on researching power electronics converter technology
that can enable major improvements in performance, re-
liability, and maximal utilization of the renewable energy
sources and energy storage systems that can be integrated
into the electric power system. The main goal of the work
in the first phase of the project was to explore functional-
ity and performance of the bidirectional three-phase ac/

dc (micro)grid-interface converter for the medium-volt-
age high-power applications (through functional average
models), together with developing some specifications
for the converter design that allow an on-demand active
and reactive power delivery, as well as P-f control of the
grid. The second phase of the project focused on analyz-
ing the low-frequency dynamic interactions caused by
power converters and synchronous generators, as well as
exploring relationships and defining the physical/math-
ematical equivalency between them using both, analytical
approach and simulation (average) models. In its latest
phase this project is exploring the similarities between
synchronous generators and power converters to investi-
gate the potential advantages that the latter can offer over
traditional power generation.

Reliability-Oriented Design of Modular MV and

HV Power Converters

Sponsored by: ABB Corporate Research

(May 1, 2013 — April 30, 2014)

The critical nature of grid applications in power engi-
neering demands the utmost levels of reliability of its ap-
paratus, as well as high availability and low maintenance
requirements.

The latter implies additionally a high lifetime of all
components used. Power electronics, now a mature tech-
nology—it is currently employed in critical applications
such as commercial aviation, is being increasingly intro-
duced in grid applications to improve the controllability
and efficiency of power flow within power grids. The de-
sign of power converters at medium voltage (MV) and
high voltage (HV) levels nonetheless still represents an
immense challenge in terms of reliability. To this end, this
project proposes to develop a Reliability-Oriented Design
(ROD) procedure for MV and HV power converters ad-
dressing reliability up-front in the design process. This
will be done in three steps; first, the identification of criti-
cal system components; second, the assessment of reliabil-
ity factors such as risk analysis, failure mode analysis, and
fish bone diagrams; and third, the actual design, which is
carried out by minimizing system complexity and stress,
and by the use of the most reliable components, materials,
structures, and converter configurations. Reliability mod-
els based on the latest release of MIL-HDBK-217F will be
developed using existent knowledge and field data, and
will be used to compare alternative modular MV and HV
power converter configurations.

O
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Isolated Converter with Integrated Passives And

Low Material Stress

Sponsored by: ARPA-E, ADEPT Program (Advanced Research Projects Agency-
Energy, Agile Delivery of Electrical Power Technology)

Research collaborators: University of Florida, University of Texas - Dallas
(September 1,2010- November 30, 2013)

This project will develop a monolithic power converter
to be used in efficient power adapters for mobile applica-
tions, such as netbooks. The chip converter will include
the integration of a transformer, ultra-high-density ca-
pacitors, and a nano-magnetic material dispensable with
high precision by low-cost inkjet printing. The magnetic
structure, with a 3X improvement in energy storage, is in-
troduced to keep the transformer volume at a minimum.
The resulting highly efficient (>90%) converters with
high power density will reduce the 15 terawatt- hours of
energy consumed by notebooks and netbooks annually.

Dual Bi-Directional Silicon LGBTS Modules Enables
Breakthrough PV Inverter Using

Current-Modulation Topology

Sponsored by: ARPA-E, SunShot Program

Sub -Awardee of: Ideal Power

(January 1,2012- January 29, 2015)

Ideal Power Converters is developing light-weight elec-
tronics to connect photovoltaic solar panels to the grid.
Their technology explores innovative circuits using revo-
lutionary transistor designs to develop solar panel elec-
tronics for commercial-scale buildings that are compact
enough to be installed on walls or roof-tops. The project
goal is to reduce the weight of these electronics by 98%,
reducing the cost of materials, manufacturing, shipping
and installation, and supporting the aggressive cost re-
duction goals of the Department of Energy’s SunShot
Initiative. Virginia Tech’s role will be the development of
a mechanically balanced dual chip module using proprie-
tary wave joints to enable low inductances, low strain and
passive heat extraction via two-sided cooling.

High-Temperature Packaging of Planar Power
Modules by Low-Temperature Sintering of Nanoscale
Silver Paste

Sponsored by: NBE Technologies/DOE-SBIR

(August 12,2009 -August 31, 2013)

In present electric vehicles (PHEV/HEV/EV), an extra
cooling loop is needed to lower the power-electronics
coolant temperature below about 65° C from the radia-
tor coolant temperature of 105° C. One way to reduce the
cost of future EVs is to eliminate the extra cooling loop
by developing reliable high-temperature power inverter

modules that are sufficiently cooled by the radiator cool-
ant. This calls for the development of power packaging
technologies that can enable silicon and/or SiC power de-
vices working at junction temperature in excess of 175°C.
In the current phase of our power packaging research ef-
fort, we have focused on replacing the solder-reflow tech-
nique for die-attaching power chips by an emerging low-
temperature joining technology (LTJT) which involves
low-temperature sintering of silver powders. To reduce
the process complexity of the conventional LTJT arising
from the need of high pressure (30 to 40 MPa or 300 to
400 Kg-force per cm2, a nanosilver paste material was
used to lower the dieattach temperature below 270°C with
zero or less than 5 MPa pressure. This simplified LTJT is
less likely to damage the chips and allows us to implement
a planar packaging scheme for interconnecting both sides
of the power devices without using wire bonds.

The planar power modules have low parasitic induc-
tances thus less ringing noises from the device-switching
action and can be cooled from both sides of the devices
for improved thermal management. The electrical per-
formance of the planar power module was tested and the
results show that it can work properly under 175° C junc-
tion temperature.

Constant-Flux Magnetics for Power Conversion
Sponsored by: National Science Foundation
(November 15, 2012 — October 31, 2015)
At least 30% of the volume in commercial inductors store
no or negligible energy. The “constant-flux” concept im-
proves energy density by filling the available volume with
as much magnetic (core) materials as practically feasible,
then dispersing the windings to shape the distribution of
magnetic flux, e.g., to distribute magnetic flux uniformly.
In this project, guiding principles will be developed
from the structural and field standpoints to realize the
constant-flux concept. Performance metrics, such as in-
ductances, capacitances, and quality factor will be mod-
eled, quantified, and compared with the corresponding
benchmarks.

Linear Actuator with Permanent Magnets

Sponsored by: GE Appliances and Light (GEAL)

(October 1, 2012 — March 31, 2014)

In this project, CPES will work to improve the design pro-
cedure and performance of GEAL’s Linear Actuator with
Permanent Magnets (LAPM) by determining the proper
materials to use, validating flux models, predicting force
vs. position, and making an improved LAPM design to
meet a cost function.
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MHz Power Amplifier — Proof of Feasibility
Sponsored by: Halliburton Energy Sources, Inc.
(October 23, 2013 — October 24, 2014)

This project supports the development of a power am-
plifier for an inductive load. The amplifier is to employ
simple, efficient, and reliable circuit topology. A boost
output and a buck front end have been selected to achieve
soft switching and envelope control. The amplifier is con-
trolled to shape the amplitude and phase of the current
in load to follow prescribed window functions. Silicon
carbide switches are used to enable operation at high fre-
quency and high temperature.

PowERazor: an Innovative Electronic Packaging
Technique for Manufacturing High-Reliability Power
Electronic Modules

Sponsored by: NBE/NSF SBIR Phase |

(October 1,2013 — May 31,2014)

This project was to demonstrate the feasibility of an inno-
vative packaging technology or PowERazor for manufac-
turing a high-reliability, low-profile, double-side cooled
power electronics module. A robust workflow was devel-
oped for successful and repeatable fabrication of power
module packages. Basic electrical parameters were char-
acterized for feedback throughout the manufacturing
process. Electrical test beds were constructed to ascertain
power module package quality using device self-heating.
Thermal test beds were established to aid in quantifying
the thermal management benefits of additional top side
(double side) cooling. Reliability testing schemes were es-
tablished and test beds were constructed for testing. Long
term active and passive cycling schemes have been initi-
ated.

MHz GaN Converter with Isolation
Sponsored by: Texas Instruments

This project starts with the design of the converter for
zero-voltage switching over the full range of input voltage
and output power to establish component requirements.
Magnetic design of leakage inductance and harmonic
losses in the coupled inductors with different winding
structures are analyzed by finite-element simulation. The
design of gate drive, loss analysis, effect of layout imped-
ance, and other issues are addressed, leading to hardware
verification with efficiency exceeding 85% at 5 MHz and
30 W output.

High-Density Integrated Inductor
Sponsored by: Texas Instruments

The “constant-flux” concept proposed recently is lever-
aged to distribute magnetic flux to improve energy den-
sity, lowering the profile of an inductor. The optimal flux
distribution is identified mathematically, and verified by
simulation. It is then applied to reduce the dc resistance of
a commercial inductor by a factor of two, keeping the out-
er dimensions and inductance the same. Thermal-limited
current rating is improved by 50%, whereas saturation-
limited current rating is improved by 20% thanks to the
suppression of flux crowding.

Design of Gapped Inductor under DC Bias
Sponsored by: Texas Instruments

Ferrite inductor with air gap is widely used because of low
core loss and high inductance under dc bias. Convention-
al inductance formula for a gapped ferrite core assumes
uniform or negligibly high permeability. When the core
is designed to operate near saturation (to maximize core
utilization) at rated current, such assumption is invalid
owing to the appearance of regions with low, non-uni-
form permeabilities. Finite-element simulation uncovers
a peak in the plot of inductance versus gap length that
shifts with bias current, and that is not predicted by the
conventional inductance formula. A reluctance model is
formulated to explain the nonlinear behavior, and is veri-
fied experimentally.

New Projects approved and starting in the coming
months:

Strategies for Wide-Bandgap, Inexpensive Tran-
sistors for Controlling High Efficiency Systems
(Switches)

Sponsored by: ARPA-E, ADEPT Program (Advanced Research Projects Agency
Energy, Agile Delivery of Electrical Power Technology)

Sub — Awardee of: HRL

High Power Solid State Circuits

Sponsored by: Office of Naval Research
Sub — Awardee of: ABB

Next Generation Power Electronics Manufacturing
Innovation Institute (NGPEMII)

Sponsored by: Department of Energy

Sub — Awardee of: North Carolina State University

O
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U.S. Patents Awarded

10.095

Multi-Channel Constant Current Source and Illumination
Source

Shu Ji, Haoran Wu, Fred C. Lee
U.S. PATENT: 8,598,807
Issued: 12/03/13

10.094
Digital Hybrid V2 Control for Buck Converters

Kuang-Yao (Brian) Cheng, Feng Yu, Paolo Mattavelli,
Fred C. Lee

U.S. PATENT: 8,575,911

Issued: 11/05/13

Invention Disclosures

14-097

2/24/2014

Two-Stage LED Driver with Multi-Channel Constant Current
CLL Resonant Converter

Xuebing Chen, Daocheng Huang, Qiang Li, Fred C. Lee

14-091
2/10/2014

Coupled Inductor in Interleaved Multiphase Three-Level DC-
DC Converters for High Power Applications

Sizhao Lu, Mingkai Mu, Yang Jiao, Fred C. Lee

14-075

1/6/2014

Magnetic Geometry with Programmed Field Distribution
Khai Ngo, Han Cui

14-066
11/18/2013

Hybrid Interleaving Structure with adaptive PLL Loop for
Constant On-Time Switching Converter

Pei-Hsin Liu, Fred C. Lee, Qiang Li

10.003

Electrical Power System with High-Density Pulse-Width-
Modulated (PWM) Rectifier

Ruxi Wang, Fred Wang, Dushan Boroyevich, Rolando Burgos,
Kaushik Rajashekara

U.S. PATENT: US 8,570,774

Issued: 10/29/13

05.052

Method of Manufacture of a Variable Inductance Inductor
(Divisional)

Michele H. Lim, J. Daan van Wyk

U.S. PATENT: 8,549,731

Issued: 10/8/2013

14-065
11/18/2013

Avoiding Internal Switching Loss in Cascode Structure De-
vice under Soft-Switching Condition

Xiucheng Huang, Weijing Du, Qiang Li, Fred C. Lee

14053
10/16/2013

Switching-Cycle Control For The Modular Multi-Level Con-
verter

Jun Wang, Rolando Burgos, Dushan Boroyevich, Bo Wen

13-171
6/27/2013

State-Trajectory Control of LLC Converter Implemented by
Microcontroller

Chao Fei, Qiang Li, Fred C. Lee
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13-170

6/27/2013

Fully Integrated SR Controller with Auto-Tuning Function for
High-Frequency LLC Resonant Converters

Xin Ming, Fred C. Lee, Qiang Li

13-169
6/14/2013

High-Frequency Integrated Point-of-load (POL) Module with
PCB Embedded Inductor Substrate

Yipeng Su, Qiang Li, Fred C. Lee, Wenli Zhang

13-168

6/14/2013

Magnetic Loss Measurement Method with Partial Cancel-
lation Concept

Dongbin Hou, Mingkai Mu, Fred C. Lee, Qiang Li

13-167

6/13/2013

System and Method for Impedance Measurement Using
Chirp Signal Injection

Zhiyu Shen, Marko Jaksic, Paolo Mattavelli, Dushan Boroyev-
ich, Jacob Verhulst, Mohamed Belkhayat

13-166
6/13/2013

System and Method for Impedance Measurement Using Se-
ries and Shunt Injection

Zhiyu Shen, Marko Jaksic, Paolo Mattavelli, Dushan Boroyev-
ich, Jacob Verhulst, Mohamed Belkhayat

13-164
6/12/2013

System and Method for Self-compensating Time Constant
Mismatch of Inductor DCR Current Sensing

Pei-Hsin Liu, Fred C. Lee, Qiang Li, Xin Ming
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Introduction

he Center headquarters is located at Virginia Tech,

occupying office and lab facilities encompassing

more than 19,000 sq ft of space in one building.

Research space at CPES-VT includes an electrical
research lab, an integrated packaging lab and computer
lab. In addition to the headquarters labs and offices, a re-
search library and a large conference room with voice and
video conferencing capabilities supporting remote site
course instruction as well as interaction among CPES col-
laborators is maintained. Interactive collaboration is rou-
tinely facilitated through conference calls, WebEx online
conferencing, student and faculty exchanges, and face-to-
face research project review meetings.
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Electrical Research Laboratory

he electrical research laboratory is equipped with

state-of-the-art power testing equipment, dynamom-
eters, prototype PWB manufacturing equipment, an EMI
chamber, a clean room, a mechanical shop. The Power
Electronics Research Lab is equipped with state-of-the-
art tools and instrumentation necessary for development
of power electronic circuits and systems of all sizes from
sub-volts, sub-watts to 6 kV, 1 MW. Each student bench is
equipped with Dell Studio XPS computers with an i7 core
processor and multiple GBs of RAM for running simula-

tions. Standard instrumentation is comprised of GHz os-
cilloscopes, multi-channel function generators, electronic
loads, network, spectrum, impedance, logic and power
analyzers, thermal sensors and AC/DC bench supplies
of all sizes. Specialized test room equipment includes:
thermal imaging equipment, thermal cycling chambers,
Hi-Pot tester, 3-D magnetic field scanner, EMI/EMC ana-
lyzer, large and small dynamometers, automatic circuit
board routing equipment, programmable and variable
loads, and liquid cooled heat-exchanger.




QO

Integrated Packaging Lab

he Integrated Packaging (IP) Lab supports all CPES

students, faculties, visiting scholars, and sponsors for
their advanced needs in power electronics packaging re-
search. The lab is established to create and evaluate al-
ternative approaches to the design and manufacture of
Integrated Power Electronics Modules (IPEMs) and
provide the state-of-the-art electronic manufacturing
and assembly equipment. The IP lab itself has installed
a sealed ceiling and HEPA filtra-
tion to create over 1,600 square feet
of class 10,000 clean room space,
and the addition of a dark room
for photolithography processing. It
has the capability to produce FR4,
DBC, and thick film hybrid sub-
strates, perform metallization using
RF sputtering thin film deposition
and electro/electro-less plating, and
develop substrate patterns by virtue of laser ablation ma-
chining, chemical metal etching, and screen printing. The
IP lab also has the ability to mount bare dies and SMT
components using high precision pick-n-place machine,
solder reflow belt furnace, and convection reflow oven.
The advanced vacuum solder reflow system provides an-
other 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 alu-
minum wire bonding, gold wire ball bonding, and alumi-
num/gold ribbon bonding for manufacturing IPEMs. For
accurate and controlled dispensing of adhesives and en-
capuslants an automated precision dispensing system and
a spin coater have been added in the lab. In addition, the
IP lab has the full capability for low temperature co-fired
ceramic (LTCC) processing from tape cutting, via drill-
ing, screen printing, laminating, to co-
firing. The Component- and module-
level test and evaluation of electrical,
thermal, and reliability performance
for the assembled IPEMs are also avail-
able in the IP lab. Low and high power
curve tracers, impedance analyzers,
and precision multimeters can be used
for electrical property measurements.
Thermal performance evaluation can
be made by the setup of thermocouples, optic-fiber sen-
sors, IR imaging, and thermal diffusivity test system. Reli-
ability analysis is performed using multi-purpose bond
tester on as-made modules and the ones after certain
numbers of temperature/humidity cycling. An array of
cross-sectioning and grinding/polishing equipment has
been used to better understand the microstructure of
electronic packaging materials.
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Library and
Computer Lab

he Computer Lab supports all major software used

in power electronics analysis and design including:
SPICE, Saber, I-DEAS, Math Products — Matlab and
Mathcad, Ansoft Products- Maxwell 2-D and 3-D finite-
element analyzers, ePhysics, and Q3D, Mentor Graph-
ics and Cadence circuit simulation software, SIMPLIS,
PLECS, FLOTHERM circuit thermal analyzer software,
and Inventor Professional.

High Power Lab

H igh 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 alternative
energy and power conversion such as wind power gen-
erations, fuel cells, hybrid electric vehicles and all-electric
ships. Enabled by a 2002 award of $839,337 from the
Defense University Research Instrumentation Program
(DURIP) paired with CPES cost sharing of more than
$250K for renovations, the electrical research lab area at
VT has been renovated and upfit to accommodate medi-
um voltage, megawatts power capability. The facility has
two medium voltage 1 MVA reconfigurable transformers,
corresponding reactors, capacitors, switchgears, and con-
trollers. 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 convert-
ers in various active and reactive operation modes con-
tinuously at 1 MVA, 4160 V level. The unique installation
distinguishes VT as one of a few select universities in the
nation with this capability and enhances its position as a
leader in power electronics research well beyond the NSF
ERC life expectancy.

O
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TECHNICAL STAFF

Igor Cvetkovic David Gilham

SUPPORT STAFF

Marianne Hawthorne  Linda Long Trish Rose

VISITING SCHOLARS

Farr, Ewan Fukumoto, Akihisa Hiltunen, Jani

Huang, Pin-Yu Kanamoto, Kyozo

O



24

QO

VISITING SCHOLARS

Konijedic, Tine Leong, Kennith

Lu, Sizhao Ming, Xin

Shigeharu, Yamagami  Shin, Jong-Won Sumsurooah, Sharmila

Tardy, Alain Yang, Lijun Zhong, Qing-Chang  Zhou, Xiwei
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STUDENTS

Bari, Syed Berry, David Bishnoi, Hemant

Chen, Xuebing Chen, Zheng (Henry)  Cui, Han Cvetkovic, Igor

Danilovic, Milisav

=

Gilham, David Haryani, Nidhi Hou, Dongbin Huang, Daocheng
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STUDENTS

n% A

Huang, Xiucheng

'

Jiang, Li Jiao, Yang Khatb‘, Mudassar

47k

Kim, Woochan Li, Bin Li, Chen

i

N
Li, Virginia

Liv, Tao Liu, Zhengyang Lu, Ming Mao, Yincan

Marzoughi, Alinaghi  Miao, Zichen Mukherjee, Subhajyoti  Najmi, Vahid Qin, Ruiyang
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Rashidi Mehrabadi,  Su, Yipeng Sun, Bingyao Wang, Jun
Niloofar

Wen, Bo Xue, Lingxiao

Yao, Yiying Zhang, Wei Zhang, Xuning (Zthng,) Zhemin Zhao, Shishuo
immy,

Zheng, Hanguang
{Jason)
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GRADUATES

Bishnoi, Hemant Chen, Zheng (Henry)  Feng, Weiyi Gandharva, Kumar Gilham, David

(/ = |

AT

Huang, Daocheng Jiang, Li Khatib, Mudassar Zhang, Xuning
SCIENTIFIC ADVISORY BOARD (SAB)
Ralph Cavin

Semiconductor Research Corporation

John Kassakian Massachusetts Institute of Technology

Tom Lipo University of Wisconsin-Madison (retired)
Bob Steigerwald GE Global Research (retired)
Al Tucker

Office of Naval Research (retired)
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INDUSTRY ADVISORY BOARD (IAB)

Richard Zhang IAB Chair
Milan Jovanovic |AB Co-Chair

Uwe Badstuebner
Colin Lin

Dennis Gyma
Daniel Cadet
Ashraf Loffi
Kevin Huang
Ming-Ho Huang
Stephen Sun
Ernie Parker
Gerald Stanley
Frank Duan

Nils Backman
Dustin Becker
Laszlo Balogh
Rui Zhou

Ronald Young
Alain Coutrot
Raj Pai

Dianbo Fu

Dean Henderson
Ju Zhang

Henry Zhang
Ricky Chang
Scott Herrington
Laurentiu Olariu
Katsuhiko Tsujino
Jinghai Zhou
Zhihua (Alex) Yang
Ken'ichi Chatani
Tetsuya Hayashi
Frans Pansier
John Parsey
John Cross
Jamal Ramdani
Edwin Wang
Rigo Rodriguez
Seong Woon Booh
Sonny Xue

Mark Furumai
Wenkai Wu

Kamiar Karimi

Chi-Ming (Jimmy) Wang

Luis Arnedo
Jianping Zhou

GE Power Conversion

Delta Electronics, Inc.

ABB, Inc.

AcBel Polytech, Inc.

Agilent Technologies

ALSTOM Transport

Altera - Enpirion Power

Analog Devices

Chicony Power Technology Co., Ltd.
China National Electric Apparatus Research Institute
Crane Aerospace & Electronics
Crown International

CSR Zhuzhou Institute Co., Ltd.

Eltek

Emerson Network Power

Fairchild Semiconductor Corporation
GE Global Research

General Motors

Groupe SAFRAN

Halliburton

Huawei Technologies

Infineon Technologies

International Rectifier

Linear Technology

Macroblock, Inc.

Maxim Integrated Products
Microsoft Corporation

Mitsubishi Electric Corporation
Monolithic Power Systems

Murata Manufacturing Co., Lid.
NEC TOKIN Cororation

Nissan Motor Co., Ltd.

NXP Semiconductors

ON Semiconductor

OSRAM Sylvania

Power Integrations

Richtek Technology

Rolls-Royce

Samsung Electronics Co.

Siemens Corporate Research
Sumitomo Electric Industries, Ltd.
Texas Instruments

The Boeing Company

Toyota Motor Engineering & Manufacturing North America, Inc.
United Technologies Research Center

ZTE Corporation
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Transactions Papers

High-Temperature Hardware: Development of a 10-
KW High-Temperature, High-Power-Density Three-
Phase ac-dc-ac SiC Converter

Puqi Ning, Di Zhang, Rixin Lai, Dong Jiang, Fred Wang,
Dushan Boroyevich, Khai Ngo, Rolando Burgos,
Kamiar Karimi, Vikram D. Immanuel, Eugene V.
Solodovnik

IEEE Transactions on Industrial Electronics Mag., Vol.
7, no. 1, pp. 6-17, March 2013.

Digital Enhanced V2-Type Constant On-Time Control
Using Inductor Current Ramp Estimation for a Buck
Converter with Low-ESR Capacitors

Kuang-Yao (Brian) Cheng, Feng Yu, Fred C. Lee, Paolo
Mattavelli

IEEE Transactions on Power Electronics, March 2013,
Volume 28, No. 3, pp. 1241-1252

Grid-Interface Bidirectional Converter for Residential
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New Core Loss Measurement Method
with Partial Cancellation Concept

n the existing core loss measurement method, the

measurement accuracy is sensitive to the value of the

cancellation component (either capacitor or inductor).

Therefore, it is required to design and fine-tune the
cancellation component for each testing sample at each
testing condition (frequency, flux density, temperature,
etc.). This is a very time-consuming process and makes
the standardization of the measurement instrument al-
most impossible.

To overcome this drawback, a new measurement
method with partial cancellation concept is proposed.
The equivalent circuit is shown in Fig. 1. The capacitive
cancellation version can be used for sinusoidal excitation
only, and the inductive cancellation version can be used
for arbitrary excitation. Taking the inductive cancellation
version as an example, the core loss can be calculated by

p J‘ Vg 1 J’ , VRr
core V2 Reef K VL Rref
where k is named as cancellation factor, which represents
the percentage of cancelled reactive voltage to the total
reactive voltage, and can be found by adding a phase per-
turbation into with the de-skew function of oscilloscope.
The core loss of iron powder material -52 from Micro-
metals, Inc. is measured at 0.5MHz, 10mT peak flux den-
sity under rectangular excitation with different duty cycle.
The measurement result is shown in Fig. 2. It can be seen
that using the proposed method, the accurate result can
be acquired with different cancellation inductance value .
In summary, the proposed method enables an accu-
rate measurement at high frequency without the fine-
tuning of the cancellation component value, and is ap-
plicable to arbitrary wave excitation.
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Planar Inductor Structure
with Variable Flux Distribution
— A Benefit or Impediment?

he lateral flux inductor structure has been widely

used as the substrate in CPES high-current 3D in-

tegrated POL modules. Both an ultra-low profile

and high power density can be achieved simul-
taneously with this structure. For our purposes, we can
simplify and approximate the single-turn structure as two
side-by-side circular disc cores.

Fig. 1 shows the top view of the DC flux distribution
of the disc core with 20A DC current, from which it can
be seen the disc core is excited in a large DC bias range.
The inner core is almost saturated while the outer core
is still running at a relatively low bias point. Because of
the saturation, the permeability of the inner core is de-
creased to a very low value. Therefore, the AC flux avoids

the inner core, where the magnetic reluctance is large.
Fig. 2 illustrates the AC flux distribution of the disc core
with 20A DC bias current and 6A peak-to-peak AC cur-
rent ripple. It can be seen that the AC flux is automatically
pushed to the outer core.

Due to the DC and AC flux counterbalance mecha-
nism, the core loss density of the inner saturated core is
limited. The peak Pv point is neither the maximum DC
nor AC flux points.The operating points of the disc core
are extended into saturated region, where there is better
core utilization. The AC flux and core loss (i.e. the area
of the minor loop of the BH curve shown in Fig. 4) is
automatically reduced. The saturation is no longer detri-
mental in this special structure.
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GaN-Based MHz Interleaved CRM

PFC Converter

he critical conduction mode (CRM) boost power
factor correction (PFC) converter is widely used in
off-line power supplies due to its merits of zero-
current switching (ZCS) turn-off of the diode and
zero-voltage switching (ZVS), or valley switching, turn-
on of the main switch. By interleaving two CRM boost
PFC converters, the ripple of the input and output cur-
rents and the size of the input differential mode (DM)
electromagnetic interference (EMI) filter can be reduced
significantly, while the power rating can be extended to a
higher level. Furthermore, a phase-shedding strategy can
be used to improve the light-load efficiency.
With the advent of the 600V gallium nitride (GaN)
high-electron-mobility transistor (HEMT), the convert-
er’s switching frequency can be pushed to several MHz.

10

Frequency [ MMHz )
[

This is a dramatic improvement compared to the high-
frequency capability of a silicon (Si) based power semi-
conductor devices. Previous research has demonstrated
that the switching loss is the dominant loss in MHz fre-
quency hard-switching conditions, and soft-switching is
still critical to achieving high efficiency for the high-volt-
age GaN HEMT.

Combining the merits of the CRM PFC converter and
the high-voltage GaN HEMT, a 1.2kW 1-3MHz GaN-
based dual-phase interleaved CRM boost PFC converter
is demonstrated to have 97.3% full-load efficiency and
120W/in3 power density. By pushing the frequency above
1 MHz, the benefit for EMI filter design is significant. As
the required corner frequency of the EMI filter reaches
hundreds of kHz, dramatic size and weight reduction
can be projected. Finally, the CRM boost PFC has the
limitation that the rectifier conduction loss and non-ZVS$
switching loss are dominant, especially in the MHz fre-
quency range. The totem-pole bridgeless PFC converter
is a promising solution to further improve efficiency by
full-line ZVS extension strategy.
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High-Frequency, High-Efficiency GaN Based
Interleaved CRM Bi-directional Buck/Boost
Converter with Coupled Inductor

he bidirectional buck/boost converter is widely

used in power electronics systems due to its sim-

plicity and high efficiency. Some applications in-

clude on-board charger/dischargers for plug-in
hybrid electric vehicles, and interfaced converters for
energy storage in a dc-based nanogrid. Conventional sili-
con-based bidirectional buck/boost converters are usually
intended to be operated in discontinuous current mode
(DCM) in order to alleviate reverse-recovery issues and to
be able to use a small inductor. However, the DCM opera-
tion greatly increases the turn-off loss because the main
switch is turned off at least twice during the load current.
As a result, the switching frequency can barely be pushed
to the hundreds of kilohertz due to power loss.

In recent years, the GaN HEMT has emerged as a
promising device for high-frequency, high-efficiency,
and high-density power conversion due to its better fig-
ure of merit than comparable Si and SiC transistors. The
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switching frequency has been continuously pushed up to
several MHz to both reduce passive component size and
increase power density. Previous research concludes that
the turn-on switching loss is dominant due to the reverse-
recovery charge or the junction capacitor charge of the
free-wheeling device under hard-switching conditions.

On the other hand, the turn-off loss is negligible because
of the intrinsic current-source driving mechanism in the
cascode structure. These important switching character-
istics indicate that zero-voltage-switching (ZVS) is still
desired for GaN devices in high-frequency applications,
while the turn-off current is no longer a big concern for
cascode GaN devices.

The critical current mode (CRM) operation is the
most simple and effective way to achieve ZVS and is wide-
ly used in medium-low power applications. Conventional
CRM operation has some limitations in high frequen-
cies and requires further improvement. The concept of a
coupled inductor has been applied successfully in the in-
terleaved voltage regulator modules to improve efficiency
and transient response. A two-phase buck/boost convert-
er with a coupled inductor is shown in Fig. 1, and the con-
verter’s key waveforms are shown in Fig. 2. The resonant
period in CRM operation is less with the coupled induc-
tor than with the non-coupled condition, which is ben-
eficial for high-frequency operation. The soft-switching
range and the circulating energy are both improved with
the coupled inductor in CRM. The coupled inductor pro-
totype efficiency is 98.5% at IMHz, which is 0.5% higher
than the efficiency of the non-coupled converter.

To T,T, T,
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Avoiding Si MOSFET Avalanche in Cascode

Device and Achieving Zero-Voltage-
Switching for Cascode Device

igh-performance active devices have consistent-
ly proven to be the first force to increase power
density and meet the requirement of modern
systems. Silicon (Si) devices have dominated
power management since the late 1950s. However, af-
ter several decades of optimization and development in
the production process, the Si device has approached its
theoretical limits, and material properties have become
the limiting factor. Based on the rapid development of
research in recent years, high-voltage normally-on wide-
band-gap devices have been proven to have better perfor-
mance compared to the Si MOSFET. With high electron
mobility, high breakdown voltage, low on-resistance, low
input capacitance, and high thermal conductivity, the
wide-band-gap device is more suitable for high-frequen-
cy, high-efficiency, and high-power-density applications.
The cascode structure shown in Fig. 1 is used to make
the terminal a normally-off device. The Si MOSFET con-
trols the on/off state of high-voltage normally-on devices.
The interaction and parasitic capacitance of the two de-
vices plays an important role in achieving high efficiency,
especially under soft-switching conditions. The two de-
vices should be well matched. Otherwise, the Si MOSFET

may have an avalanche breakdown during the turn-off
process. Although the avalanche voltage of Si protects
the high-voltage normally-on device from the damage
of over-voltage, avalanche is not recommended opera-
tion for the Si MOSFET, and it is a potential risk to the
reliability of the device. The energy dissipated through
the avalanche path brings additional loss. Moreover, the
avalanche of an Si MOSFET will break the charge balance
of the parasitic capacitors of the MOSFET and the high-
voltage normally-on device, which will cause the device to
lose its zero-voltage turn-on condition internally during
the soft-switching turn-on process. This is undesirable,
especially in applications that operates at MHz frequency.

After analyzing the voltage distribution process of the
cascode device in detail, and quantifying the conditions
under which Si will reach avalanche and the avalanche
loss, we have devised a simple and effective solution which
is paralleling an external capacitor with drain-source of Si
MOSEFET to compensate the junction capacitors charge
mismatch and thus avoid Si reaching avalanche. This so-
lution also achieves zero-voltage-switching for high-volt-
age, normally-on devices.
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Evaluation of High-Voltage Cascode GaN
HEMT in Different Packages

dvanced power semiconductor devices have

consistently proven to be a major force in

pushing the progressive development of power

conversion technology. The emerging gallium-
nitride-based power semiconductor device is considered
a promising candidate to achieve high-frequency, high-
efficiency, and high-power-density power conversion be-
cause it has a faster switching speed and lower switching-
related loss than previous devices. Accompanied by the
fast switching speed, inevitably there is high dv/dt and di/
dt introduced at the same time, which can barely be ob-
served in the comparatively slow Si MOSFET. As a result,
package design is critical to enabling the promising high
performance of GaN devices.

The limitations of the traditional packaging for high-
voltage cascode GaN HEMT includes significant turn-on
loss during hard-switching turn-on, and significant inter-
nal parasitic ringing in hard-switching turn-off due to the
impact of common-source inductors.

In order to improve the package design, we propose
a stack-die package, with all common-source inductors
eliminated. According to previously developed loss mod-
els, the stack-die package is predicted to have significant
improvement compared to traditional packages. Experi-
ments with a prototype of this stack-die package that was
fabricated in the lab show that around 30% of the turn-on
energy is reduced during hard-switching turn-on, and the
internal parasitic ringing is almost eliminated in hard-
switching turn-off.
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e have created a design for a high-fre-

quency, high-power-density 3-D inte-

grated GaN-based POL module, and

explore the enhancement mode and de-
pletion mode GaN devices and their characteristics. The
impact of parasitics on switching loss has been quantified
by exploring the contributions of the common-source
and high-frequency loop inductance on switching loss.
With the reduced parasitic inductances introduced by the
GaN device packaging, the design of the module becomes
the major barrier to higher efficiencies and frequencies.
Reduction of the high-frequency power loop can of-
fer significant inductance improvements and provide a
smaller design footprint. As power density is increased in
the module, the thermal design becomes a critical aspect
to consider, and is often the bottleneck in power handling

High-Frequency High Power Density 3-D
ntegrated Gallium-Nitride-Based
Point-of-Load Module Design

capability. We use high-thermal conductive alumina DBC
substrates to improve thermal performance with better
heat distribution. The impact of switching from a tradi-
tional multilayer PCB to a two-layer DBC has major im-
plications on the module design to achieve good electri-
cal performance, and the impact of the shield plane on
electrical performance has been considered. The proper
shield plane design has been implemented on the DBC
module.

The final demonstrations show that single-phase and
two-phase modules can operate at up to 5 MHz. These
modules can achieve three to five times the power density
of the commercial modules, but with similar efficiency.
Fig. 2 shows the power density map of the current prod-
ucts and research for similar applications.
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High Frequenty, High Density Point-of-Load

(POL) Module with PCV
Embedded Coupled Inductor
Substrate for VR Application

he power density of the 3D integrated POL mod-
ule can be improved by using two-phase inverse
coupled inductors, as shown in

Fig. 1. Low-profile inverse coupled
inductor substrate

Fig. 1. For this kind of coupled
inductor, the steady-state inductance
Ly is very nonlinear, which means the
value of L increases greatly from heavy
load to light load. The nonlinear Lgis
beneficial for light-load efficiency im-
provement. However, the nonlinear-
ity of transient inductance L is more

(a) No slot

(b) Middle slot

(c) Full slot

Fig. 2. Top view of the half-core for different coupled inductor structures

prominent than that

of L, because the 1200 1200
coupling .becomes 000 — No slot 000 —— No slot
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in Fig. 2(a), it can Fig. 3. Lss for different coupled inductor Fig. 4. Ly for different coupled inductor
be seen that the DC structures structures
bias leakage flux path
(i.e. the core between

2.42 -1

two windings) is sensitive to the load, as is the reluctance
of the leakage flux path. This is the key reason that the
coupling has a large variation when the load is changed.
By adding an air slot into the leakage flux path, its reluc-
tance becomes insensitive to the load, and the coupling
can be maintained. The non-linearity of L and Ly also
can be freely controlled by using a differently shaped slot.
The middle slot exhibits moderate nonlinearity, while the
full slot structure has almost linear inductance. The large
voltage spike during the transient has been solved due to
the significant reduction of the light-load L value.
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Characterization of Low-Temperature
Sintered Ferrite Laminates
for High-Frequency Point-of-Load (POL)

Converters

ow-profile magnetic components and their associat-
ed integration techniques are desirable for the design
and fabrication of highly integrated point-of-load
(POL) converters working at high frequencies. The
multilayer low-fire ferrite inductors can be fabricated as
the magnetic substrate in an integrated POL converter
with the active components on top. The permeability and
core loss density under high DC bias are of special inter-
est, and were characterized on different low-fire ferrite
laminates. The microstructures and chemical composi-
tions of sintered multilayer ferrites were investigated in
order to understand the difference in the magnetic prop-
erties among those samples.
Low-fire magnetic tapes ESL 40010, 40011, and 40012
are all Ni-Cu-Zn-based ferrite materials. Bi2O3 was add-
ed as a sintering aid to reduce the

and homogeneous chemical compositions through el-
emental inter-diffusion and the assistance of the redistri-
bution of Bi2O3-rich liquid during sintering. Compared
to the 40010 material, higher permeability and lower core
loss density are obtained in a mixed 40010/40012 lami-
nate, where the DC bias is in the range of 0 to 4000 A/m.

The 40010/40012 ferrite laminate has been used for
inductor fabrication and integrated into a POL module
achieving high efficiency of 81% at 5 MHz. The devel-
oped low-profile ferrite inductors demonstrate a unique
method for hybrid power electronics integration and re-
alize a size reduction for high-frequency POL converters.
Further investigation of these materials and associated
techniques could potentially enable a system-in-package
approach for power electronics applications.

sintering temperature of the Ni-
Cu-Zn ferrites to below 900° C. The
analysis of permeability and core
loss density under DC bias has been
carried out to properly choose the
low-fired ferrite materials for dif-
ferent applications. The ESL 40011
and 40012 tapes are good choices

4000
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low-current inductor applications Fig. 1. SEM micrographs of ferrite samples (a) 40010, (b) 40012, and
because of their higher permeability (C) mixed laminates 40010/40011 sintered at 885°C for 3
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Fig.2. Variation of (a) permeability and (b) core loss density under
DC bias for low-fire ferrite tapes and their mixed laminates
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Unified Equivalent Circuit Model

of V2 Control

his nugget proposes a unified equivalent circuit

model of V2 control. The direct output voltage

feedback in V2 control contains inductor current,

capacitor voltage and load current information,
which can be separated into 3 feedback loops, as shown
in Fig.1(a) (use constant on-time as an example). Fig.1(b)
shows that for constant on time structure, the inductor
current feedback turns the circuit into a controlled cur-
rent source while the capacitor voltage feedback turns this
controlled current source into a controlled voltage source,
which will be realized by a current source in parallel with
a resistor. Moreover, due to the sideband frequency in the
capacitor voltage feedback, the voltage source is a non-
ideal source, with the non-idealness shown by a Re-Le2
branch in Fig. 1(b), which forms a double pole at half
of the switching frequency by resonating with the out-
put capacitor. The damping of the double pole, which is
shown as Rdamp in Fig.1 (b), is related with the capacitor
parameters and can be positive or negative. This explains
why this structure is elegant when large ESR capacitors

are employed (such as OSCON caps) while sub-harmonic
oscillation occurs when low ESR capacitors are employed
(such as ceramic caps). Fig. 2 shows a complete equiva-
lent circuit model of V2 control, which is applicable to all
kinds of V2 control. Generally speaking, the inductor cur-
rent loop turns the circuit into a non-ideal current source,
with the non-idealness shown by the Re-Ce branch, which
will form a double pole by resonating with the power state
inductor. The capacitor voltage loop turns the non-ideal
current source into a non-ideal voltage source, with the
non-idealness shown by the Rez-Lez branch, which will
form a double pole by resonating with power stage ca-
pacitor. The parameters of Re, Ce, Rez and Le; are differ-
ent between different modulation schemes. This equiva-
lent circuit model can be used to examine all the transfer
functions (control-to-output, output impedance, input
impedance and audio susceptibility) and can be extended
very easily to a multi-phase structure and V2 control with
a current ramp case.
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Hybrid Interleaving Structure with Adaptive
PLL Loop for Multiphase Constant On-time

Switching Converter

onstant on-time control is widely used for bet-
ter light-load efficiency, and faster transient
response to save output capacitors. However,
its nature of variable frequency control causes
wide variation in switching frequency (fisw) under in-
put voltage (Vin) and/

veloped with a comparable noise immunity and transient
response as the PLL method, while the number of PLL
loops is greatly reduced. For a 4-phase operation as shown
in Fig. 2, it contains two phase managers that maintain a
180° phase difference for each of the two phases, and only

or output voltage (Vo)

changes, which makes
interleaving  difficult.
Phase manager and
Phase Lock Loop (PLL)
are two common so-
lutions. The former is
simpler, but is noise-
sensitive by ripple can-
cellation effect and is
unable to synchronize
PWM signals among

\
10k 100k
Frequency (Hz)

™

phases during transient.

The latter is less noise-

sensitive and  allows Ve
overlapping PWM sig- {
nals, but requires a PLL

loop per phase. Also, the
PLL loop has a stability
issue, when the band- T
width (Tp) is designed (Faws4)
too high or too low. fou
This paper first pro- (397
vides an accurate small-
signal model to under-
stand the dynamics of
the PLL loop, and gives
design guidelines for the
Low Pass Filter (LPF) of
PLL to avoid the stabil-
ity problem. Then, an

adaptive PLL loop is
proposed to maintain a constant T, bandwidth over a
wide duty cycle range. Thus, the PLL loop design becomes
simple and has fast tracking to fux without interfering
with constant on-time control loop. As shown in Fig. 1, a
proposed adaptive PLL loop maintains a constant gain by
using Vin and V, feedforward at on-time generator, and
V, feedforward at Phase Frequency Detector (PFD) of
PLL. Secondly, a novel hybrid interleaving structure is de-

one PLL locks 90° difference between D; and Ds. 3 PLL
loops are saved when compared with the PLL method.
Fig. 3 shows PWM overlapping during transient natural-
ly. Finally, the simulation result based on the state-of-art
filter model of the laptop VR demonstrates the constant
output impedance design for an AVP over a wide duty
cycle range.
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Pulse-width Locked Loop (PWLL) for
Automatic Resonant Frequency Tracking in
LLC DC-DC Transformer (LLC-DCX)

n recently developed distributed power

architecture, the LLC resonant con-

verter has been widely used as a dc—dc

transformer (DCX) to provide a semi-
regulated or unregulated bus voltage. In
order to achieve the highest efficiency,
we propose a novel switching frequency
control scheme for the LLC-DCX. First,
the synchronous rectifier (SR) gate-driv-
ing signals are tuned by eliminating the
body diode conduction. Then, the pulse-
width locked loop (PWLL) is presented.
By minimizing the pulse-width differ-
ence between the main switch and the
well-tuned SR gate-driving signals, the
LLC-DCX always runs at the f0 point to
achieve the highest efficiency. For rapid
prototyping purposes, the PWLL used to
track f0 is realized in a Cyclone III field
programmable gate array.

The proposed control strategy for
LLC resonant converters, including
well-tuned SR latch digital control with
PWLL frequency tracking, is shown in
Fig. 1. The new control strategy is easy to
implement using commercially available
FPGAs. Furthermore, key experimental
waveforms, which verify operation of the
proposed solution, are given in Fig. 2.

By setting the well-tuned SR gate-
driving signal as the control reference and
using the PWLL to minimize the pulse-
width difference between the SR and the
main switch-driving signals, the resonant
frequency is always tracked (fs= f0).
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Fig. 1. Control blocks of the proposed universal adaptive SR
driving scheme including frequency tracking
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Modeling and Autotuning of AVP Control
with Inductor DCR Current Sensing

he inductor DCR sensing technique is widely used
due to lossless sensing and simple implementation.

the DCR sensor (Tcs) and the in-
ductor (Tys) increases the output voltage
spike during load transient, but there is
no analytical model to understand the
dynamic. Although adding more output
capacitors can avoid a transient spike,
component cost and the area on moth-
erboard also increase. The prior auto-
tuning method solves the mismatch is-
sue by adjusting Cs close to L such that
the output capacitors can be reduced,
but the implementation is too complex
for monolithically integration.

This paper first presents a new
equivalent circuit model to predict the
small-signal characteristic of the cur-
rent-mode control with DCR current
sensing accurately. The model contains
an ReLsCe resonant circuit and a current
source to represent the mismatch effect
at high frequency, while a R;Cs low-pass
filter loop represents the low-frequency
effect. The model shows that the closed-
loop output impedance (Zoc) contains
a pole-zero pair from the DCR sensor
which makes Z,. (move?) away from the
desired load-line resistance (Ryy), so the
transient response impairs.

Secondly, this paper develops a sim-

The proposed autotuning configuration in Fig. 2 con-
tains Hcom with a high-pass filter (RC) and a variable
However, mismatch between the time constant of  gain amplifier (A), and a V, slope detector. When a step-
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ple pole-zero compensation technique to maintain a con-
stant output impedance and a fast transient under pos-
sible mismatch conditions, so the output capacitor can be
minimized with a simpler autotuning circuit on the VR
controller. The idea is adding a simple and easy-integrat-
ed compensator (Hcom) along the current feedback path
to create an adjustable pole-zero pair to correct the out-

put impedance close to Ry;.

ST, +1
Zoc = (RLL L

st +1 s(A+1)RC+1

) Com = ( LL
ST, +1 ST, +1

1= R,

SRC +1

up load transient event is identified at Vi, Hcom is ad-
justed gradually based on sensed dV,/dt, because Zo. can
be estimated by sensing dV,/dt. When Z,.<Rir, the slow
response makes dV,/dt <0. When Zo>Rir, dVo/dt>0. The
SIMPLIS simulation with the state-of-art output filter
model of laptop VR and the experiment results on a com-
mercial VR12 controller confirms the effectiveness of the

proposed method.
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Equivalent Circuit Model and Design
of Constant On-time Current Mode Control
with External Ramp Compensation

his nugget proposes a three-terminal equivalent
circuit model of Constant on-time current mode
control with external ramp compensation. A
multi-phase constant on-time current mode con-
trol based on pulse distribution structure is widely used
in the Voltage Regulator application for a microproces-
sor. To minimize the ripple cancellation effect, an external
ramp compensation is used in current solution as shown
in Fig.1(a). However, an external ramp will introduce a
dynamic to the system and the AVP requirement will be
violated without considering the effect of the external
ramp. For small D, The simplified control-to-output cur-
rent transfer function with external ramp is shown as fol-
lows:
i@ 1t
o R (s

+ —“+l T.s
s, 20

The external ramp will make the circuit behave as a
non-ideal current source, as it will bring one moving

pole, which is related to the magnitude of the external
ramp, and one static zero, which is located at fg,/11. The
proposed equivalent circuit to represent this non-ideal
current source is shown in Fig. 1(b). Where the Rez-Le2
branch is utilized to resemble the non-idealness of this
current source. Re> and Le; form a static zero while Re, Les
and L; form the moving pole. For a large duty cycle appli-
cation, there is an additional double pole, which is shown
by a Re-Ce branch resonating with the power stage induc-
tor. The three-terminal switch equivalent circuit model is
shown in Fig. 2, where all the transfer functions (control-
to-output, output impedance, input impedance and au-
dio susceptibility) can be examined and extended very
easily to multi-phase case. This equivalent circuit model is
an extension of the original three-terminal current mode
control by adding a Rez-Lez branch that resembles the ef-
fect of the external ramp in constant on time control.
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V2 Control with Capacitor Current
Ramp Compensation using
Lossless Capacitor Current Sensing

2 control is a popular control architecture in
point-of-load buck converters due to its sim-
plicity and fast transient response. Using V2
control with a ceramic capacitor is instable. We
have reviewed the existing solutions and their limitations,
and propose a solution that uses an output capacitor cur-
rent ramp to stabilize the control loop. An analog capaci-

cycles. The effectiveness of the concept and implementa-
tion are verified by experimental results.

Fig. 1 shows the circuit schematic of the proposed
control concept with capacitor current ramp compensa-
tion. Fig. 2. shows the input voltage transient response of
this simulation circuit. As the gain of audio susceptibility
is very low, the output voltage is tightly controlled, even

Vo

without an outer loop.

V2 control is a popular control scheme
in point-of-load buck converters and voltage
regulators for microprocessors. V2 control us-
ing ceramic capacitors is unstable when the
converter operates at hundreds of kHz. More-
over, jittering is a common concern in com-
mercial products. Compensating the loop by
an inductor current ramp increases the output
impedance while compensating the loop by an
external ramp, but cannot always achieve desir-
able damping. This research proposes capaci-
tor current ramp compensation for V2 control,
which can provide desirable damping to the
loop while maintaining an ultra-fast load tran-

-
'

| HE——

sient response. Meanwhile, the

capacitor current ramp helps
to reduce the jittering. The

lossless sensing circuit is a sim-
ple R-C branch connected in

parallel with output capacitors.

When the R-C time constant
of the sensing branch matches

with the time constant of the
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output capacitor, the capaci-
tor current is emulated by the
voltage across the sensing resis-
tor. The sensing scheme is very

tor current-sensing method based on impedance match is
used in the implementation of lossless current sensing. A
small-signal equivalent circuit is proposed for the analysis
of the proposed control method. The proposed solution
is superior to existing compensation methods because of
its excellent transient response for a wide range of duty

easy to implement in a control
IC. The concept and implementation are applicable to
V2 control with different PWM modulation schemes, in-
cluding constant on-time V2, constant off-time V2, con-
stant frequency V2 peak control and constant frequency
V2 valley control.

O
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Comparison of Small-Signal Characteristics
in Current-Mode Control Schemes for
Point-of-Load Buck Converter Applications

ifferent current-mode controls have been widely
adopted in commercial pulse-width modulation
controllers for point-of-load (POL) converter
applications. To understand the unique prop-

erties of various current-mode control schemes, and to
study the differences between them, we have investigated
and compared four current-mode control schemes (peak-
current control, valley-current control, constant on-time
control, and constant off-time control) for POL power
converters and voltage regulator applications. Perfor-
mance attributes under investigation include high-band-
width voltage loop design, adaptability to a converter with
a wide input voltage range, adaptive voltage positioning
design, and audio susceptibility. The pros and cons of
these schemes are identified and explained by the uni-
fied small-signal equivalent circuit model. In terms of dy-
namic performance, this study provides a current-mode
control scheme selection criteria and feedback design
guidelines. The theoretical analyses are verified by both
simulation and experimental results.

Four kinds of commonly used current-mode control
schemes (peak-current control, valley-current control,
constant on-time control, and constant off-time control)
are compared for suitability for use in point-of-load buck
converters. Selection guidelines have been created accord-
ing to the small-signal characteristics of different imple-
mentations.

1. Compared with constant frequency control, constant
on time/ off-time control can achieve wider T2 band-
width in D<0.5 and D>0.5 applications. In constant
frequency current-mode controls, PCM control does
not need external ramp compensation for small duty
cycles (e.g., D <0.3), so it is preferable to use PCM
control for small-duty-cycle applications. Similarly,
VCM control is preferable for large-duty-cycle appli-
cations.

2. Variable frequency control is preferable for the con-
verter that must accept a wide input voltage range, be-
cause the high-frequency double poles are always on
the left half-plane. No ramp compensation is needed,
so the current control effect is never weakened by an
external ramp. In contrast, PCM control and VCM
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control need an external ramp to keep the double

poles on the left half-plane. Designing the external

ramp based on the worst case (maximum duty cycle
for PCM control and minimum dutycycle for VCM
control) means overcompensation for other operating
points.

3. To achieve AVP, constant on-time control simplifies
the voltage loop finite-gain compensator.

Constant off-time control inherently has zero audio
susceptibility at any operating point. It is suitable for ap-
plications requiring perfect line-transient performance.
PCM control can also achieve zero audio susceptibility
and proper double pole damping at around 0.2 < D <
0.4.VCM control, and constant on-time control cannot
have this property. For VCM control and constant on-
time control, the gain of audio susceptibility increases
with duty cycle D.vv
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Analysis and Optimization of Module
Integrated MPPT Converter-Based

Residential PV System

he power loss that results from mismatched power

levels is critical to improving overall efficiency of

the residential PV system. In general, a dedicated

DC-DC converter with an extra distributed MPPT
(maximum power point tracking) algorithm, used in a
MIMC (module integrated MPPT converter), is con-
nected to each panel to re-

single objective. However, for high-power, high-frequen-
cy NPC power conversion systems, in addition to the
NP balance, loss and noise reduction are also important
goals. We have also developed a new SVM scheme based
on the existing control algorithms, that can achieve mul-
tiple objectives at the same time.

duce the mismatch impact.
However, even when using )

MIMCs, it is not always T w B
possible to guarantee all the
panels work at their MPP
(maximum power point)
operation points. We have
analyzed the characteristics
of the MIMC-based resi-
dential PV, and derived the
criteria for ensuring that all
the MIMCs work at their
MPPs. We propose an opti-
mized MIMC system con-
figuration to allow each of
the PV panels to work at its
individual MPP regardless
of the mismatch case. Simu-
lation and experimental re-
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sults have validated the pro-
posed system structure. The

conventional NP balancing
algorithms don’t deal with
switching loss reduction,
because the redundant vec-
tor selection is based on a
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High-Frequency Integrated
Point-of-Load Converters: Overview

his overview paper focuses on state-of-the-
art technologies and trends toward the inte-
gration of point-of-load (POL) converters.
This paper encompasses an extended survey
of literature, ranging from device technologies and
magnetic materials to integration technologies and
approaches. This paper is organized into three main
sections.
1) Device technologies, including the trench MOS-
FET, lateral MOSFET, and gallium nitride (GaN)

| Inductor

Fig. 1. CPES 3D integrated POL converter with GaN device

high electron mobility transistor, are discussed along
with their intended applications. The critical role of
device packaging to high-frequency integration is also as-
sessed.

2) Magnetic materials: In recent years, a number of new
magnetic materials have been explored to facilitate mag-
netic integration for high-frequency POL converters.
These data are collected and organized to help select mag-
netic material for various frequency ranges.

3) Integration methods, which are defined with the focus
on magnetic integration techniques and approaches. Two
integration levels are classified; namely wafer level and

package level. Detailed information is presented for each
integration level to identify a suitable current scale and
frequency range. Three-dimensional integration, which
uses a magnetic component as a substrate, is one of the
promising integration methods. By using an integrated
GaN device and a low-profile, low-temperature co-fired
ceramic inductor substrate, the power density of the lat-
est 20-A 5-MHz 3-D integrated POL converter is demon-
strated as high as 1100 W/in3, which is an improvement of
a factor of 10 compared to industry products at the same
current level.
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Analysis of Unified Output MPPT
Control in Sub Panel PV Converter System

hotovoltaic (PV) systems frequently suffer dispro-
portionate impacts on energy production due to
mismatch cases. To remedy this, academia has pro-
posed a distributed maximum power point track-
ing (MPPT) solution which has been implemented com-
mercially. Taking the trend of the “distributed MPPT”
concept a step further, this paper discusses and analyzes
an MPPT converter that connects to each PV cell string,
called a subpanel MPPT converter (SPMC), to better ad-
dress the real-world mismatch issues. The SPMC system

with a unified output MPPT control structure is also pro-
posed in order to reduce the cost and simplify the distrib-
uted MPPT system. The proposal saves A/D units, current
sensors and MPPT controllers on the premise of guaran-
teeing that all the PV cell strings work at their individual
maximum power state regardless of the mismatch case.
This is favorable for further integration and makes the
whole SPMC system less expensive and easier to realize.,
The effectiveness of this proposal has been confirmed ex-
perimentally.

Sub-Panel w/ Single MPPT

PV Cell String |

PV Cell String 11

PV Cell String 11

Fig. 1. Unified MPPT control diagram
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Statetrajectory Control of LLC Converter
Implemented by Microcontroller

his paper investigates how to integrate state-

trajectory control functions of LLC resonant

converters within a commercial low-cost mi-

crocontroller, including simplified optimal
trajectory control (SOTC) for load transients, burst
mode and soft start up.

State-trajectory control functions have been dis-
cussed and verified separately. However, in real ap-
plications, all these functions need to be realized in
one single controller. Therefore, it is worthwhile to
determine how to implement all state-trajectory con-
trol functions in one controller. There are mainly three
challenges to achieve this goal: firstly, complex calcula-
tion in state-trajectory control requires a high-perfor-
mance digital controller, such as a high-end FPGA and
a very fast analog-to-digital converter; however, the
cost-effective MCU is preferred in industrial appli-
cations; secondly, burst-mode control with constant
burst-on time and optimal switch patterns can’t be
used directly when associated with normal operation,
because there would be very large dynamic oscillation
in both the resonant tank and output voltage dur-
ing the transient processes between burst mode and
normal operation; thirdly, for a given application, it is
still unknown how to design the whole control system
structure and then select a proper MCU.

To solve these problems, a simplified calculation
process is proposed for the SOTC to minimize digi-
tal delay. The proposed guidelines to select a proper
microcontroller limit calculation delay and ADC delay
to within one switching cycle to ensure good transient
performance. Optimized transient processes are pro-
posed that eliminate large oscillation between burst
mode and normal operation. Soft start-up is imple-
mented by sensing the output voltage only.

After implementing each control function by
MCU, all the control functions are integrated within
one cost-effective MCU. The state transition diagram
of the whole system is shown in Fig. 1. Experimental
results are demonstrated on a platform, as shown in
Fig. 2, which is a 130kHz 300W 380V/12V half-bridge
LLC resonant converter with MCU TMS320F2808.

Start-up stage1

Several pulsesto

build-up V. Heset

fre quency control:
f=f{Vo)

Burst mode

Pl control & SOTC

Fig. 1. State transition diagram of control system

Fig. 2. Experiment platform with MCU (TMS320F2808)
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Distributed MPPT Method

for Smart Converter PV Systems

o improve PV system energy harvesting efficiency
under mismatch conditions, a panel-level MPPT
converter, or what we call a smart converter, has
been developing very rapidly in recent years. In the
smart converter PV system, each panel has a dedicated
MPPT converter to improve energy production. In this
dedicated converter, a voltage and current sensor are re-

quired to calculate the panel output power, and a MPPT
controller is also needed for peak power tracking, as
shown in Fig. 1(a). Although the dedicated converters can
extract maximum power from the PV panels, the equip-
ment cost is high. To reduce the cost and simplify MPPT
control, a novel MPPT method with less sensor and con-
troller is proposed, as shown in Fig. 1(b).

Panel 1 Panel 2
| Buck [Ve{| Buck [
D4 tD,
\I’_'”. — D,
D
v-| MPPT o
—°2> |—> D4
Panel 3 Panel 4
ﬂ:l BUCK IJ&I BUCK l:
DEt 1D4

To verify the proposed MPPT solution, a simulation is
performed, the results of which are shown in Fig. 2. In this
simulation, four panels have non-uniform irradiance, as
shown in Fig. 2 (a). Firstly, the controller tracks the MPP
for Panel 1, and fixes the output power of the other three

panels, as shown in Fig. 2 (b). After finding the MPP for
Panel 1, the controller tracks the MPP for Panel 2 and
fixes the output power of the other three panels. Using
the same method, the controller can track the MPP of the
four panels one by one, as shown in Fig. 2 (c).
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Transient Performance Improvement for
Constant On Time Control

or better light load efficiency and high bandwidth

design capability constant on time (COT) control

is widely used in the VR industry. However, COT

control still has some limitations in load step up
and load step down transient responses. In a large load
step up, the inductor current might not be able to reach
the target load very quickly because of minimum off time
of the system after every pulse and output may experience
undershoot. On the other hand, in the load step down
case, for given power stage, overshoot can be very large if
load release is occurred at the beginning of the gate turn
on time (Ton) as inductor current will keep rising till fixed
Ton expires.

This paper proposes a method called ‘FastAOT’ which
increases or decreases the Ton in COT control immediate-
ly after load step up or load step down to reduce the un-
dershoot or overshoot at aforementioned conditions. The
Fig. 1 shows the concept of the proposed method, added
in a conventional COT control, where the proposed cir-
cuit is inside the red box. In the proposed circuit, first a
band pass filter is used to detect the undershoot or over-
shot at output (V,) and to create a peak or valley accord-
ingly and then a emitter follower is added so that only the
peak in Verr created by V, undershoot will pass through.
Then follower output Vraor is used as the reference for
the adaptive on time generator circuit inside the green
box. In Fig. 2(a) and (b), we see the comparison of under-
shoot without and with the proposed ‘FastAOT’ method
and found smaller undershoot in Fig 2(b) with proposed
method than constant Top in Fig. 2(a). In case of load step
down, when the proposed ‘FastAOT’ method detects an
overshoot at V,, then output of the high pass filter, Verr

goes down very quickly. Then this signal is compared with
80% of VID to generate logic Vo, which eventually AN-
Ded with Ton to expire Ton immediately after load step
down and therefore, reduce overshoot at output. Com-
paring the Fig.3

(a) and (b), we

can clearly see
that in Fig.3 (b)
the gate signal
D expires right
after load step
down and hence

produce smaller
overshoot.

The  main
advantage of this

proposed circuit
is that it can re-
duce the under-

shoot and over-
shoot in COT
control  using

the same simple

circuit without affecting steady state condition. Another
advantage of this method is that as the change of Toy is
proportion to V, change, chance of ring back problem is
smaller which might exist in some cases where Ty, incre-
ment is predefined. As the proposed circuit does not con-
tain any negative voltage, it is easily implementable inside
IC and also the magnitude of the Ton increment can also
be adjusted by changing the filter gain easily.
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Conducted EMI and Systems Integration

lectronic power processing technologies being de-

veloped now have the potential to revolutionize

the way electricity is generated, distributed, and

used. Over the past ten years, there has been in-
creased incorporation of power electronics converters in
“more electric” cars, ships, and airplanes to replace ther-
mo-mechanical, mechanical, hydraulic, and pneumatic
primary and secondary power systems. These convert-
ers have been introduced with the goals of reducing the
size, weight, and maintenance and operational costs of
these power systems, while increasing efficiency, safety,
reliability, and optimizing mission-specific objectives.
While energy efficiency is mostly being pursued through
system-level power management and converter integra-
tion, power density increases are being addressed by the
use of new materials, increased levels of integration, and
innovative circuit designs. The recent increased availabil-
ity of experimental active silicon carbide (SiC) and gal-
lium nitride (GaN) devices has opened new opportunities
for designing power converters that operate at increased
switching frequencies with higher voltages and lower
losses, which enables the reduction of the size and weight
of the passive components for energy storage. However,
switching devices introduce electromagnetic interference
(EMI) problems into the system.

In order to avoid interference between different sys-
tems, the EMI noise emissions from the power converters
need to be limited, and compliance with certain electro-
magnetic compatibility (EMC) standards is regularly

required. EMI filters are inevitably made part of power
electronics systems to provide attenuation for EMI noise,
but the additional EMI filter weight may diminish the
benefits power electronic converters have over traditional
systems, and even make the total weight and size greater.
Therefore, it is a big challenge for modern power elec-
tronic system design to integrate the power converter and
EMI filter together to minimize total weight/size and thus
improve system power density.

Minimizing conducted EMI noise to meet the stan-
dards often involves trial and error. Despite this prevalent
tactic, there have been systematic EMI mitigation tech-
niques and design procedures developed over the years.
This paper summarizes some of the authors’ research
efforts towards improvements in system EMI noise re-
duction and EMI filter weight/size optimization. The
paper addresses several issues and approaches to system
EMI modelling, EMI filter design, and weight/size opti-
mization and integration together with examples of the
EMI noise measurement results. EMI noise attenuation
methods are discussed in detail, and key issues in filter
design optimization process are presented and illustrated
with the EMI filter test results. Possible improvements in
power density through compact filter design and filter in-
tegration are also shown. The results are presented in the
form of “nuggets” that highlight the basic ideas and their
possible impact, but do not provide great detail on the
technical contributions — these details can be found in the
referenced papers.

(a) EMI filter Size/Weight Reduction

Figure 1: Example issues in EMI filter design
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(b) Prediction of EMI filter performance
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Design of Integrated Transformer and
Inductor for High Frequency Dual Active
Bridge GaN Charger for PHEV

e propose a design of a high-power-
density-transformer and inductor for a
high-frequency dual active bridge (DAB)
GaN charger. Because the charger oper-
ates at 500 kHz, the inductance needed to achieve ZVS
for the DAB converter is reduced to as low as 3uH. As a
result, it is possible to utilize the leakage inductor as the
resonant inductor of the DAB converter. To create this

Fig. 1 Transformer and inductor in one component

amount of leakage inductance, a certain amount of space
between the primary and secondary winding is allocated
to store the leakage flux energy. The designed transformer
is 99.2% efficient while delivering 3.3kW. Its volume is
40% smaller than the nearest published equivalent coun-
terpart, and over 63% smaller than the lump transformer
and inductor in a 50kHz Si charger.

Fig. 2 Space between primary and secondary windings
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Fig. 3 Litz wire selection to reduce winding loss

Fig. 4 Thermal management
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Analysis and Reduction of Common Mode
EMI Noise for Resonant Converters

here are many topologies of resonant converters.
The topologies can be grouped according to the
number of resonant elements. The simplest to-
pology of resonant converter is the two-element
resonant converter: the series resonant converter (SRC)
and the parallel resonant converter (PRC). Unfortunately,
these topologies cannot be applied widely due to their
limitations. In practice, the three-element resonant con-
verter is the most popular topology of resonant converter.
In the three-element resonant converter group, there are
a total of 36 different topologies. Among them, the most
practical topologies are LLC, CLL and LCL resonant con-
verters because of their LLC-like gain characteristic.

The source of CM noise is the voltage pulse (dv/dt) of
the switching devices. The propagation path of CM noise
is the parasitic capacitance, e.g. the inter-winding capaci-
tance of the transformer, or the drain-to-ground capaci-
tance of the switches. A high switching frequency not only
brings the resonant converter high power density, but may
also cause high dv/dt on the converter nodes, which may
have resonant converters suffer from severe EMI issues.
Different topologies of resonant converter have different
dv/dt characteristics. After analyzing the dv/dt character-
istic of three different topologies of resonant converter

(LLC, CLL and LCL) and comparing their CM noise per-
formance, we find that the LCL resonant converter has the
best CM noise performance among three topologies, but
it is not the most popular one in commercial products.
The LLC resonant converter is the most widely used to-
pology, however it has poor CM noise performance.

A 1 MHz 400/12V 1kW LLC converter with a matrix
transformer is used as an example. The peak efficiency
of this LLC converter is 95.4% and the power density is
710W/ins. The typical commercial product has 98% ef-
ficiency and 60W/in3 power density. However, the ma-
trix transformer has very large inter-winding capacitance
which leads to severe CM noise problems. Much research
has been done to reduce the CM noise in LLC resonant
converters. However, there is lack of study of CM noise re-
duction in matrix transformers. We have devised a novel
shielding method to reduce the CM noise of LLC resonant
converters. With shielding, the CM noise of LLC resonant
converters is reduced significantly.

Loss analysis of the shielding is provided using the
FEA tool. The experiment results show that the shielding
introduces very little extra loss to the converter. Further-
more, a way to further reduces the loss and improve ef-
ficiency is introduced and verified by the FEA tool.
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Comparison of Coil Designs
for Wireless Inductive Power Transfer

he wireless inductive power transfer (WIPT) is an

efficient method used to wirelessly charge objects

such as biomedical devices, portable electronic

devices, and electric vehicles. It transfers energy
through a magnetic field between a transmitter and re-
ceiver coils. By placing resonant tanks with the same reso-
nant frequencies on both the primary side and secondary
side, the charging distance can reach up to tens of centi-
meters with 90% efficiency. The transfer efficiency of the
WIPT is influenced by the resonant frequency, coupling
coefficient, and quality factor of the coils. So to increase
the transfer efficiency, coil design is very significant.

Four coil designs are surveyed and simulated using
FEA software, including a circular pad, a DD-DDQ pad,
a windings array, and a one-outer-loop coil. They are de-
signed for different power levels and operating frequen-
cies: the circular pad and DD-DDQ pad are designed for 2
kW and 20 kHz, while the windings array and one-outer-
loop coil are designed for 10 W and 150 kHz. So the di-
mensions and percentage of materials for the coil designs

are very different. To make a fair comparison normalized
factors, such as power density, quality factor, and a cou-
pling coefficient are used.

The coupling coefficient reflects the coupling between
the transmitter and receiver. It will directly influence the
transfer efficiency of the WIPT systems. The coupling co-
efficient of the four coil designs are compared with dif-
ferent gaps and misalignment. Fig.1 shows a coupling
coefficient vs. a normalized gap. The circular pad and
the DD-DDQ pad have larger coupling coefficients when
the gap between the transmitter and the receiver is small.
However, when the gap is increased, the windings array
and the one-outer-loop coil have larger coupling coeffi-
cients. Which structure to choose in the design process
depends on the gap specification of the application. Fig.2
shows a coupling coefficient vs. misalignment. The cou-
pling coefficient of a circular pad drops fast with mis-
alignment. Due to the function of a quadrature coil, the
DD-DDQ pad has a coupling coefficient bigger than 0.1,
but it fluctuates. The coupling coefficients of the wind-
ings array and the one-outer-loop coil are not
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sensitive to misalignment, because the trans-
mitter size is bigger than the receiver. So the
windings array and the one-outer-loop coil are
better choices for applications where misalign-
ment usually changes.
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High-Temperature Characterization

and Comparison of 1.2 kV SiC Power

Semiconductor Devices

Ithough its high-temperature operation is one
of the major advantages that Silicon Carbide
(SiC) holds over silicon, few studies have as-
sessed its full high-temperature (> 175° C)
capabilities. This work seeks to provide insight into the
high-temperature performances of state-of-the-art SiC
power semiconductors by characterizing and comparing
the latest generation of 1.2 kV SiC MOSFET, BJT, SJT, and

respective die area.

Fig. 1 shows the measured specific on-resistance ver-
sus temperature for each of the devices. As seen in this
figure, the on-resistance of the SiC normally-off JEET was
the most temperature-sensitive. This can be attributed
to strong phonon scattering, which reduces the carrier
mobility. Moreover, the SiC MOSFETs had the highest
specific on-resistances while the BJT had the lowest. It

can also be observed that the on-resistance of

30

[ROHM MOSFET (1,=22A] »

the BJT was the least temperature-dependent,
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which indicates constant conduction losses
with varying temperature.

The DPTs conducted at high-temperature
revealed that the SiC MOSFETSs experienced a
reduction in turn on energy, and an increase in
turn off energy with increasing temperatures.
The BJT and SJT, on the other hand, showed
little change in the total switching loss with in-
creasing temperature. Finally, the total switch-
ing loss of the normally-off JFET showed a
small increase with temperature, which was ac-
200 credited to the decreased dv/dt during turn-on.

normally-off (enhancement mode) JFET de- 900
vices from the semiconductor industry’s main 800
players; namely Cree, Rohm, GE, Fairchild, and
GeneSiC. To carry out this study, both static
and dynamic characterization were performed
from 25¢ C to 200° C.

The on-resistances of each device were
measured using a curve tracer. It is important
to look at the specific on-resistances of the de-
vices since for a given breakdown voltage the
smaller the die size the larger the resistance. In
this case, this figure was obtained by multiply-
ing the measured on-resistance values by their
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High-Temperature Characterization and

Comparison of 1.2 kV SiC Power MOSFETs

ide bandgap semiconductors such as

Silicon Carbide (SiC) make high-tem-

perature, high-power-density converters

feasible due to their high thermal con-
ductivity, high breakdown field, and low intrinsic car-
rier concentration. This work thus fully characterizes a
state-of-the-art 1.2 kV SiC MOSFETs from Cree, ROHM
Semiconductor, and General Electric (GE). A complete
static characterization from 25° C to 200°

nearly double that of the other devices. Consequently, al-
though the ROHM SCT2160KE MOSFET proved to have
low junction capacitances, the device can be expected to
experience higher losses. Fig. 2 shows the total switching
energy loss plotted against load current. DPTs revealed
that the majority of the switching losses are experienced
during turn on, thus soft switching could be applied in
order to increase switching efficiency.

C is performed on each SiC MOSFET.
This includes threshold voltage, specific 35
on-resistance, leakage current, junction
capacitances, and internal gate resistance.
The dynamic performances are assessed

30

25

ROHM SCT2080KE MOSFET (I = 22 A)

|ROHM SCT2160KE MOSFET (I,= 16 A)

through double-pulse tests (DPTs) from

which the switching energy losses are cal-
culated.

Fig. 1 shows the measured specific
on-resistance versus temperature. The
drain current used for the measurements
is shown in parenthesis for each curve. The
gate-source voltage used for the on-resis-
tance measurement was 20 V since this is
the voltage at which the MOSFETs will be
driven. As seen in the figure, the GE MOS-
FET is the least temperature dependent,
increasing by approximately 37% at 200°
C with respect to its room-temperature
resistance.

DPTs were performed on each SiC
MOSEFET with a DPT setup specifically
designed to reduce the parasitic compo-
nents that inhibit switching performance.
The optimal driving condition for each
SiC MOSEFET was determined by perform-
ing multiple DPTs for several different ex-
ternal gate resistances RG, ext to account
for the variation in internal gate resistance
described above. The external gate resis-
tance that yielded the lowest switching en-
ergy loss without causing significant ring-
ing was selected. Due to the large internal
gate resistance of the ROHM SCT2160KE
MOSEFET, even when no external gate resis-
tance is used the total gate resistance is still
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Characterization and Comparison of
1.2 kV SiC Power Semiconductor Devices

significant effort has been devoted to charac-
terizing the numerous Silicon Carbide (SiC)
power semiconductor devices under develop-
ment. Of these devices, the SiC MOSFET has
received significant attention up to now given its matu-
rity, relative ease of commercialization, and simple driv-
ing scheme. While recent studies have shown that the
gate-oxide of the SiC MOSFETs: is reliable beyond 200° C,
which remained one of the major barriers of this device
until now, oxide-free structures such as the BJT, and nor-
mally-on and normally-off JFETs have

shown Fig. 2, ROHM’s SiC MOSFET has the highest total
switching energy loss. SemiSouth’s SiC normally-off JFET,
on the other hand, showed the lowest total switching en-
ergy losses when plotted against load current. However,
driving losses have not been taken into consideration. De-
pending on the application, the driver losses generated by
the driving method used in this study for the normally-
off JFET, BJT, and SJT, which are devices that consume
notable gate currents in the on-state, could become siz-
able.
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A Thermally Enhanced High-Speed
Switch Module: Fabrication and
Application to Converters

ehicular power systems are characterized by their

stringent requirements for reliability, efficiency,

and power density. Along with high-frequency

switching to decrease the size of passive com-
ponents, efficient heat management is a key technique to
obtaining high power density, as it can reduce the need
for bulky cooling devices such as heat sinks, fans, and lig-
uid coolants. We propose the construction and utilization
of a thermally enhanced switching module to lower the
system thermal resistance and achieve a compact power
system. The proposed thermally enhanced module inte-
grates the semiconductor devices, their drivers and heat
sinks by using direct bond copper (DBC): on the top side
the DBC is used to assemble the electric components (see
Fig. 3(a)), and on the bottom side the heat sink is attached
to the DBC (see Fig. 3(b)). The DBC provides a thermal
path with low thermal resistance between the thermal
source and the thermal sink; i.e., the semiconductor pack-
age and air.

A sample of the proposed module has verified that
it suppresses the thermal resistance to 60% of that of its
conventional printed circuit board (PCB) counterpart.
The slopes of the blue and red curves in Fig. 1 indicate
the thermal resistances of the proposed and conventional
PCB. The proposed concept is applied to the 2-kW boost
converter, of which a circuit diagram is shown in Fig. 2.
Components in the dotted box in Fig. 2 are soldered on
the DBC of the thermally enhanced module by a vacuum
reflow process, as shown in Fig. 3(a), and the module is at-
tached and wired by copper wires and ribbons, as shown
in Fig. 3(b).
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Thermal Stability of AlLO.-Filled

Silicone-Based Elastomers for
Power Electronic Encapsulation

ilicones are widely used for en-

capsulating power electronic

modules due to their high di-

electric strength and thermal
stability. However, silicones are found
to be insufficiently stable at =250°C,
which is the maximum junction tem-
perature of commercial SiC devices. In
this study, the thermal stability of pure
silicone and its ALOs fiber-filled com-
posites were investigated by thermo-
gravimetric analysis (TGA) and iso-
thermal (250°C) soak tests. Both tests
revealed that Al,O;3 fiber improved the
thermal stability of silicone (Fig. 1).
TGA results indicate that the tempera-
ture of degradation onset increased
from 330°C to 379°C with a fiber load-
ing of 30 wt%. In the isothermal soak
test, pure and 30 wt%-filled silicones
lost 10% of polymer weight in 700 and
1,800 hours, respectively. Improved
thermal stability was explained by a
restrained chain mobility caused by
hydrogen bonds formed between the
Al O3 surface and the polymer matrix.
Removal of hydrogen bonds impaired
thermal stability, increasing the initial
weight-loss rate from 0.025 to 0.036
wt%/hour.
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A Frequency-Domain Study on the Effect of

DC-Link Decoupling Capacitors

C-link decoupling capacitors are

generally placed near the power

switches in the converter to mini-

mize the parasitic ringing and volt-
age overshoot on the devices. We have stud-
ied the influence of decoupling capacitors
on the turn-off parasitic ringing of power
MOSFETs in the frequency domain based on
a small-signal modeling approach. This new
angle helps explain the effect of these capaci-
tors in a simpler and more straightforward
way than the traditional time-domain anal-
ysis, and provides a deeper insight into the
problem. A rule of thumb about the selection
of effective decoupling capacitance value can
also be derived from this study.

Fig. 1 shows the small-signal model with
the decoupling capacitance. It is assumed
that Lps represents the minimum possible
stray inductance associated with the device
packages and the shortest necessary intercon-
nections to access the decoupling capacitance
Cpec. The interconnection between the volt-
age source and the power stage, such as the
DC bus bar, will then introduce an additional
stray inductance L;. Generally, Cpec needs
to be placed as near as possible to the power
stage to minimize Lps, and 50 to 100 times
Coss is a sufficient value for Cpec to achieve
the decoupling effect. Further increasing Cpec
will not help improve the ringing caused by
Lps and Coss, which is determined by the
packaging technology (e.g. the parasitics in-
side a power module) and the device char-
acteristics. When fully decoupled, L; will not
affect the high-frequency ringing, but will
generate another resonant peak with Cpec lo-
cated at 1/V(LiCpec) and cause low-frequency
oscillation.

Fig. 2(a) shows the double-pulse circuit
used to study the effects of parasitics. Fig.
2(b) shows the impedance measurement re-
sults at four discrete values of Cpec, which is
consistent with the turn-off waveforms of the
MOSEFET.
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High-Frequency Integrated
Point of Load (POL) Module
with PCB Embedded Inductor Substrate

he large thickness of the conventional discrete

magnetic component is often the bottleneck for

the media and high current POL converter achiev-

ing high power density. The low-profile LTCC
inductor can work as the substrate of the 3D integrated
POL module to improve power density. However, the
ceramic-based integration is not cost effective, because
high-temperature sintering and complicated assembling
processes are involved. This work justifies the feasibility
of using SENFOLIAGE (SF) alloy flake composite for the
high-frequency PCB integrated POL module. SENFOLI-
AGE is a composition of alloy flake and epoxy developed
by NEC-Tokin. Compared with the traditional flake com-
posite, the permeability and core loss of SENFOLIAGE

Fig. 1. Low-profile inductor substrate based on 2-layer PCB

< m

(a) Conceptual drawing

(b) Prototype

Vin

are improved prominently by doing some lateral align-
ment of the flake and increasing the volume ratio of the
alloy. The compatibility of the flake material with con-
ventional PCB manufacturing technique has been stud-
ied, and the layer-wise magnetic core is sandwiched into
the multi-layer PCB using the PCB laminating technique,
after which the key properties of the SF flake core are kept
almost the same. The winding of the inductor is built by
the copper layers and conventional PCB vias. Fig. 1 illus-
trates the conceptual drawing and a prototype of a two-
turn low-profile PCB embedded inductor substrate.

As a demonstration of system integration, a 20A, MHz
integrated POL module is designed and fabricated based
on a 4-layer PCB substrate with an embedded inductor,
which achieves more than 85% efficiency and 600W/in3
power density. The laminating structure is shown in Fig.
2. The bottom two layers of copper are used to build the
winding of the inductor. The top layer of copper provides
the connection between the other components of the
converter. The second layer of copper is a shield, which
alleviates EMI and minimize the parasitics of the active
layer. Fig. 3 shows the PCB integrated POL module with
and without mounted FETs and capacitors. The POL
module survives after hundreds of thermal cycles, which
validates the reliability and compatibility of the flake
magnetic material with PCB integration. In addition, the
application of the standard PCB process reduces the cost
for manufacturing these integrated modules due to the
easy automation and low-temperature process.

Fig. 2. Laminating structure of integrated

POL module based on 4-layer PCB

Fig. 3. 3D integrated POL module with PCB

embedded inductor substrate
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Chip-Bonding on Copper by
Pressure-Less Sintering of Nanosilver Paste
Under Controlled Atmosphere

WER electronics devices have experienced
significant increases in performance in the
last decade. Silicon-based devices continue to
improve, while wide-bandgap devices, such
as silicon carbide (SiC) and gallium nitride (GaN), are
becoming more available. The advances in device power
density will ultimately lead to packaged devices, whose
operating temperatures may exceed 200° C. Innovations

in packaging materials and integration are required for

meeting the demands of high temperature operations.
Nanosilver enabled Low temperature joining tech-
nique (LTJT) is a promising die-attach technique, which
possesses much higher thermal and electrical conductivi-
ties, higher melting temperatures, and lower processing
temperatures. It is the goal of this research to extend the
nanosilver paste die attachment to bonding bare copper
surfaces in an effort to lower manufacturing cost

Stencil printed
nanosilver paste

Alumina layer
chip

Silicon chip

and time by removing the required metallization
of substrates.

A bare copper surface oxidizes at the sinter-
ing temperature of nanosilver, i.e. 260° C. If a
dense oxide layer forms on the copper surface
before the sintering of nanosilver particles, the
oxide can prevent adequate bonding between
the copper and sintered silver, thus resulting in
a very low bonding strength of the sintered joint
(< 5 MPa). However, the organics in the nanosil-
ver paste need to be removed during the process,
usually by combustion with the oxygen in the
air. Thus, oxygen plays conflicting roles dur-
ing the sintering process. . In order to achieve a
high bonding strength (> 30 MPa) by pressure-

less sintering at a temperature lower than 300°

I si chips
504 I A1,0, Chips
45 1 Sintered at 280° C

Die-Shear Strength / MPa
N
(6]

4 % H,/N,
Sintering Atmospheres

Pure N, 1% 0,/N,

Fig. 2. Die-shear strength of joints sintered at 280° C

C, two strategies are presented: (1) The oxygen
partial pressure (Po2) was reduced to lower than
0.01 atm in order to suppress copper oxidation,
while still providing sufficient oxygen for remov-
ing the binders in the paste; (2) apply an inert or
reducing atmosphere — pure N, or pure N> with
4 vol% Hy, in an effort to completely avoid cop-
per oxidation. Die-shear tests are performed on
the samples sintered under both conditions. The
failure surfaces from the die-shear test samples
as well as the microstructures of the sintered sil-
ver under each atmosphere were characterized
by optical and electronic microscopy.

O



74

QO

Thermal Characterization of Planar High
Temperature Power Module Packages
with Sintered Nanosilver Interconnection

any new innovations have emerged in the

power electronics industry to aid in meet-

ing the expanded market demand. Interest

in high temperature and high power appli-
cations has fueled new developments in wide bandgap
semiconductor devices, such as GaN and SiC, which are
capable of operating above 200°C. However, silicon de-
vices are still prevalent in the marketplace and offer sig-
nificant power ratings at affordable prices. For this rea-
son alone, silicon devices will continue to be a mainstay
in high power electronics systems. The key to offering
functional and reliable silicon packages that can endure
higher temperatures is through innovative thermal man-
agement and packaging. Effective thermal management
of packaged devices can be accomplished through mate-
rials selection, design or a combination of the two.

In this paper, we outline the fabrication of function-
al double sided power module switching unit utilizing
LTJT sintered silver for each interface. This symmetrical
structure replaces the low thermally conductive encap-
sulation, normally used above attached devices, with an
additional substrate which should theoretically half the
package thermal resistance. Thermal resistance mea-
surements and techniques for single sided power module
packages are well documented and used extensively by
module manufacturers. However, a three dimensional
structure which allows for heat transfer through both the
top and bottom substrates presents a new challenge for
characterization.

In this paper, the thermal characteristics of a func-
tional double sided power module were measured in all
possible cooling scenarios. These measurements utilized
a dual interface thermal insulating material (TIM) tech-
nique developed by MentorGraphics. The resulting im-
provements in thermal resistance of the sintered silver
power module package and constructed thermal simula-
tion models will be discussed for each cooling configura-
tion.

Figure 1: Double sided power module package design for use
with sintered silver device attachment

Figure 2: JEDEC JESD51-14 Test fixture for use with
MentorGraphics T3Ster system.
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A Novel Hybrid Packaging Structure
for High-Temperature SiC Power Modules

e have developed a novel hybrid
packaging structure for high-
temperature SiC power mod-
ules that combines the benefits
of both the wirebond structure and the planar
structure. With the resulting hybrid structure,
the power modules can achieve the same foot-
print and similar parasitics to regular planar
structures, but with a much easier fabrication
process and more reliable top-side interconnec-
tions. A three-phase multiple-chip prototype
module has been built based on a SiC JFET,
and tested with a 250 °C junction temperature.
Detailed comparisons conducted between the
hybrid, planar, and wirebond structures reveal
better performance of the hybrid structure with
smaller parasitics than the wirebond structure,
and easier fabrication, more reliable top-side
connection, and more flexible die-attachment
material selection than the planar structure.
Fig. 1 shows the fabrication process with
a single SiC JFET. The processing time is two
hours less than that of the planar structure. In
addition, the planar packaging structure em-
ploys a three-step sintering process, and each
process temperature be at least 40°C lower than
the previous one to prevent it from melting.
This makes it difficult to select the die-attach-
ment materials. However, since there is only
one sintering process in the hybrid packaging
structure, more flexible die-attach material se-
lection is possible. The fabricated power mod-
ule is shown in Fig. 2. There are three input
power lead frames (A, B, and C), two output
power lead frames (P and N), and two gate-
drive lead frames (G and S). The lead frames
are fabricated separately with a DBC substrate.

Polyimide
Polyimide Leadframe covering
covering attaching
(Curing)
 ¢— ,“\ >
Lead framel
attaching Wire Encapsulating
bonding

Fig. 1.

Spacer Die attaching

- ) ) >

Hybrid-structure packaging fabrication process

Fig. 2. Multiplechip power module

O
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Comparison of Critical Conduction Mode,
Trianjular Conduction Mode and Fixed

Frequenty Modulation Schemes for Single
Phase H-Bridge Boost PFC

o implement a power conversion system (PCS) or

energy control center (ECC) for medium-voltage,

medium-power aerospace applications with a

single phase H-bridge PFC, three control methods
were implemented, and their efficiency was calculated
based on the converter model with consideration of the
common-source inductance. The most common modula-
tion scheme used is the critical conduction mode (CRM),
in which the on-time of the main switch is kept constant,
the inductor current reaches a peak value, then the in-
ductor current is brought back to zero and then the main
switch is turned on again.

in Fig. 2. However, this allows ZVS turn-on of the main
switch only when vin<Vdc/2. While in triangular con-
duction mode (TCM), the current is brought to a nega-
tive value, which makes ZVS possible for the entire mains
cycle, as shown in Figs. 2 and 3.

Thus TCM reduces the turn-on losses of the main
switch, but it results in higher turn-off losses for the aux-
iliary switch. Both CRM and TCM have the drawback
of variable switching frequency. However, TCM can be
modified to obtain a fixed-frequency PWM switching by
choosing a particular duty ratio.

The structure of the H-Bridge
PFC and its equivalent circuit when | S t—
input voltage is positive is shown in @ l_..rwn._—-
Fig.1. The two switches of one leg e vied, | ‘ o R X
operate at the mains frequency and r . L, = I 4?} T r
the switches of the other leg oper- @
ate at high frequency. 512@ w
The current in the inductor is i i )
brought to zero, as shown in CRM
N e Inductor current waveform in TCM
- - -
"t g . ton _»
- toff L ‘
N ,-"'vi
IR ¥
Vo > Va2 Vo > Va2

Vs12

Valley switching instant

vs12

Zero Voltage switching instant
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O
O
high efficiency and compact energy storage it is possible to achieve a smaller inductor current ripple,
system is very important for renewable en- smaller input and output capacitors, as well as a smaller
ergy applications. This paper investigates and ~CM filter simultaneously.
evaluates the coupled inductor in interleaved For interleaved multiphase three-level DC-DC con-
multiphase three-level DC-DC converters for high power  verters, multiphase inverse-coupled inductors are needed,
energy storage applications. and overall current ripple and CM voltage will be further
An interleaved two phase three-level DC-DC con- reduced when compared with the interleaved two phase
verters circuit topology is shown in Fig.1. Two inverse- case.
coupled inductors are employed as the interface between
the phase legs and common output capacitors. If a non-
couPled 1nduct0r. is used t[O malntal'n the inductance of o ~ NN
the inductor, the interleaving operation between the two iy VAR CEEULITT) AN Non-interleaving
phases will increase the inductor current ripple while the §o7 / / ) 4\\ \\ interleaving (M=100uH)
overall current ripple and Common Mode voltage will be 2 /ANINN N interleaving (M=200uH)
1 1 1 %ZA // V// \\/k V A\ interleaving (M=300uH)
reduced, which makes the input and output capacitors as Bou) Va\i \\\ imeneaving oo
well as CM filter smaller. 5 W \i V 9 ( )
592 ‘ \/ \ interleaving (M=500uH)
£01 M= 500uH
I ) 0.2 O?me cyclso 0.8
L o8 7\ Va
+PS1aIS1bla M—a>1a,, Booh o\ [\
_IT% + Eorl/ \ / \ -
|~ s 2 / \ Non-interleaving
S2a r S By M Ly g \/ \
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To reduce the inductor current ripple, a coupled in- " RVECN RO

ductor is employed to reduce the size of inductor. By add-
ing a coupled inductor, an inductor current ripple can be
reduced as shown in Fig.2. The maximal inductor current
ripple can be much smaller than non-interleaving opera-
tion mode. By interleaving operation, output current rip-
ple and CM voltage can also be reduced as shown in Fig.2.
Therefore, by adding a coupled inductor and interleaving,
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Energy Management System Control and

Experiment for Future Home

Part 1 — 380V DC Testbed

Part 2 - System-level Control and Experiment

o enable zero net-energy consumption
and optimal power management for
future homes or buildings, the dc elec-
tric distribution systems (dc nano-grid)
finds feasibility and simplicity for integrating
multi-type renewable energy sources and en-
ergy storage elements. This paper introduces
a 380V emulator testbed of 10~15kW, with
integration of solar, wind, Li-ion energy stor-
age, plug-in hybrid electric vehicles and smart
appliance, to demonstrate the future home.
Operation analysis and control laws for each
source components are defined. Energy storage
management and its control law in dc nano-
rid is proposed. System level energy manage-
ment control strategies in a day/24 hours are
examined and discussed with considerations of
residential load demand profile, local renewable
energy source profile and schedules of electric-
ity rate. Key scenarios of system level experi-
ments are given for verification purposes.

480V/240V,
1-0, 60 Hz

DC bus

nkecC

ENERGY
STORAGE
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WIND
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Power-Cell Switching-Cycle
Capacitor Voltage Control
for Modular Multilevel Converters

he Modular Multilevel Converter (MMC), as
shown in Fig. 1, has been increasingly considered
for medium voltage and high voltage variable fre-
quency applications due to its favorable features of
high modularity and scalability. The conventional opera-
tion mode of the MMC requires the capacitors in power
modules to absorb the power fluctuations at line frequen-

cy and second order harmonic frequency.
This inherently results in a very large ca-
pacitance, in addition to the fact that the ca-
pacitor voltage ripple magnitude is inversely
proportional to the phase current frequency
and will become infinite at zero frequency
(DC). This is a big issue when starting mo-
tors, for instance, since the phase current
frequency is required to start from zero. In
this paper the proposed SCC shifts the arm
current towards the switching frequency to
reduce the required capacitance value and
to enable the converter operation at very
low frequency and DC.

The SCC is described as shown in Fig. 1.
In the case where the phase current is posi-
tive, the state @ is applied right before state
@ to control the lower arm current to an
offset value such that in the time duration
of the state ® the average current flowing
through the lower capacitor is controlled
back to zero. Similarlty, the SCC arranges
the state @ right before state @ to control
the upper arm current to an offset value
such that in the time duration of the state @
the average current flowing through the up-
per capacitor is controlled toward zero. This
method can be easily extended to the situ-
ation when the phase current is negative,
which will be elaborated in the full paper.

The simulation waveforms of the single-
module-per-arm are shown in Fig. 2, where
a 13% p.u. capacitance and a 0.22% arm
inductance are used to achieve a 2% capaci-
tor voltage ripple with switching frequency
at 1.98 kHz, compared to the implementa-

tion with the conventional control approach in which at
least 100% p.u. capacitance and 22% arm inductance are
required to achieve the same goal. The simulations with
more module counts at variable line frequencies will be
shown in the full paper, and the semiconductor loss will
be estimated and compared to conventional control ap-
proaches as well.
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Control Loop Design of a Two-Stage
Bidirectional AC/DC Converter
for Renewable Energy Systems

he full-bridge topology is widely used as a simple
solution to transfer energy between the ac grid and
the dc renewable energy system. However, it needs
a large output capacitor and lacks the capability
of short circuit protection. A two-stage topology con-
sisting of an ac/dc stage

With the proposed controller, the converter can oper-
ate at these two modes and switch between them seam-
lessly. A 10 kW prototype is used to verify the perfor-
mance. The output voltage is regulated accurately at 380
V with only 2.5V peak to peak voltage ripple.

and a dc/dc stage with a
dc-link capacitor placed
between them can re-
duce the dc-link capaci-

2 Vi

tor dramatically and the
dc/dc stage can limit the
short circuit current if a
proper topology is used.

In this paper, a uni-

fied control system is dis-
cussed for the two-stage
converter to work in
both rectifier and regen-
erative mode. Since the
power stage consists of
an ac/dc stage and a dc/

dc stage with a dc-link

capacitor placed between e
them, the corresponding
controller design can be
divided into two parts:
the ac/dc stage control-
ler and the dc/dc stage

controller. The proposed
bidirectional digital con- gy

trol system is shown in
Fig. 1. Basically, the con- Py Sy

troller for the ac/dc stage E
i

A

is used to achieve a high =
power factor and loosely

Rectifier |~ Regenéfatio

regulate the dc-link volt-

. ’ 100V & &
age at a high voltage (500 » Value  Mean
V). The controller for @ Peak-Peak 20.0V  20.0

the dc/dc stage is used
to regulate the dc output
voltage with small ripple.
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Synchronous Generator-based
Grid-interface Converter
for Energy Storage Systems Integration

he common, and with some exceptions the only

method to interconnect high power renewable en-

ergy sources and energy storage systems to the grid

has been using power electronics converters that
operate as current sources to the grid for the purpose of
achieving the maximum primary-source power tracking.
When the grid is not available, such sources would not
be allowed to continue operating and will be shut-down
after anti-islanded algorithms recognize the loss of the
grid. Although existing standards and requirements still
limit grid-interface converters to regulate voltage in the
grid, this functionality will inevitably be the part of the
power system operation in the future. This paper ad-
dresses physical and mathematical equivalency between
power electronics converters and synchronous genera-
tors, and emphasizes how an inherent synchronization
feature of the synchronous generators can be used to im-
prove the performance of the grid-interface converters. It
has also been shown that if operated as a voltage source, a
grid-interface converter could have a significant stabiliz-
ing effect on the system dynamics due to the non-delayed
power delivery.

Distributed generation was the rule rather than ex-
ception in the early days of electric energy production.
Rapid commercialization of the renewable energy sourc-
es has resulted in an increased deployment of low, me-
dium and high power distributed generation sources, as
well as energy storage (ES) systems. Invariably, renewable
DG and ES sources are interfaced to the grid with the
assistance of power electronics converters. Fast, digitally
controlled converters offer endless possibilities for the
most optimal utilization of renewable resources. More-
over, power electronics-based DG can enhance power
system controllability due to the fast dynamic response
to the power system disturbances and deviations of the
voltage and frequency. However, grid-interface convert-
er’s phase-locked loops can cause frequency instability
in the case when grid output impedance becomes very
high, or when there are multiple grid-interface convert-
ers connected on the same or adjacent bus with a “weak”
link to the strong grid. On the other hand, thousands of
synchronous generators work in parallel and share the
power with much “milder” interactions in the sense of
synchronizing to the grid and to each other. Thus, this

paper addresses that issue by showing what features of the
synchronous generators operation offer dynamic advan-
tages that could be used in the future for the control of the
next generation of grid-interface converters.
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Analysis of Nonlinear Sideband Effects
in Small-signal Input dg Admittance
of Twelve-pulse Diode Rectitiers

his paper focuses on the modeling of small-sig-

nal input dq admittance of twelve-pulse diode

rectifiers. It provides a comprehensive compari-

son of small-signal dq admittances between a
well-known averaged value model (AVM), a switching
simulation model and experimental measurements of a
hardware set-up. Analytical AVM (AAVM) is used in the
analysis since it has been commonly used to model diode
rectifiers. In order to predict small-signal dq admittance
accurately, the AAVM had to be modified. The modifica-
tion describes injection properties in a more natural way
by considering a d-channel perturbation as magnitude
modulation and by considering a q-channel perturbation
as phase modulation. Analytical expressions for a dq ad-
mittance of AAVM of twelve-pulse diode rectifier feed-
ing a resistive load are derived and presented in the paper.
Furthermore, it has been found that sideband admittanc-
es around multiples of switching frequency exist in the
small-signal response due to the nonlinear behavior of the
rectifier. The new phenomenon is analyzed theoretically,
characterized in simulations with the extraction of small-
signal response from the switching simulation model and

captured experimentally by the hardware measurements.
Several conclusions can be drawn from the shown
comparison. The first one is that AAVM predicts admit-
tance Ydd(s) correctly in the whole measurement fre-
quency range, even beyond the switching frequency. The
other three admittances have additional dynamics in the
response that is not predicted by the averaged model. Ad-
ditional dynamics are especially noticeable in admittances
Ydq(s) and Yqq(s), as they represent response to the g-
channel injection, which is more nonlinear. The addition-
al resonant points show-up left and right around mul-
tiples of switching frequencies (720 Hz, 1440 Hz, 2160
Hz etc) and there are additional resonant points in the
response at odd multiples of 360 Hz (360 Hz, 1080 Hz,
1800Hz etc). Such responses are typical for nonlinear sys-
tems, where injection at one frequency point yields sev-
eral responses that are strongly coupled each to the other.
The described behavior is explained with the fact that the
q-channel injection modulates phase, thus it modulates
commutation angle and yields significant sideband re-
sponse around multiples of the switching frequency.
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Modeling the Output-impedance
Negative Incremental Resistance Behavior

of Grid-Tied Inverters

hree-phase grid-tied inverters are widely installed
in micro-grids to utilize renewable energy such as
solar and wind energy. The stability issue caused
by grid-tied inverters can be studied using an im-
pedance based method. This paper models the output
impedance of the grid-tied inverter shown in Fig. 1. The
model shows that the output impedance of a grid-tied in-

Small signal
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verter in dq frame has a negative resistance feature in a
qq channel. This is however, a result of the Phase-Locked
Loop (PLL) influence on the converter dynamics, which
function is to do grid synchronization. As shown in Fig. 1,
perturbation from the grid voltage will propagate to the
output angle of PLL, then to the duty cycle applied to the
converter power stage, and finally to the output current of
grid-tied inverter. PLL dynamic shapes Z,; as a negative
incremental resistance with in its bandwidth. Fig. 2 shows
the comparison between model and measurement results.
Both model and experimental results shows the negative
resistance feature of Zy.

Another interesting and important feature of Zy is
that it has a right half plane (RHP) pole. The frequency of
the RHP pole changes along with the PLL bandwidth and
current rating of the inverter as shown in Fig. 3.

These features indicate that the grid-tied inverter is
a source converter that has a negative incremental re-
sistance. When the Nyquist stability criteria is applied
and the grid-tied inverter is treated as a source converter,
the number of encirclements of the critical point (-1, 0)
should be equal to the number of RHP poles in the sys-
tem. Alternatively, the inverse Nyquist criteria can be used
since there is no right half plan zero in the system.
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ctive frequency drift (AFD) methods are popu-

lar islanding detection methods, because of

their simplicity, small non-detection zone,

and low impact on system power quality. Most

AFD methods generate a frequency positive feedback or

feed forward which drives the converter system frequen-

cy away from the steady-state and detects the islanding

event. Other methods are based on the analysis of PLL
small-signal stability as shown in Fig. 1.

Differing from traditional analysis of the AFD meth-

mpedance-Based Analysis of Active
Frequency Dirift Islanding Detection Method
or Grid-Tied Inverter System

od, this paper proposes an impedance-based analysis
which unveils that frequency drift is the consequence of
interaction between inverter output impedance and the
impedance of local loads. As shown in Fig. 2, the dc im-
pedance of the inverter is equal to the dc impedance of
the local load. With feed forward gain N = 0, the phase
difference is 180°% with N bigger than 0.015, the invert-
er output impedance drops below -180° and the system
becomes unstable due to lack of phase margin. A three-
phase voltage source inverter is used for experiments. Fig.
3 shows the islanding event with N = 0.015. It can be seen
that the PLL output frequency starts to drift when an is-
landing event happens, the system is unstable.
Moreover, the impedance-based analysis also shows
that the AFD method has the potential to destabilize the
grid-connected inverter system when the grid is weak or
the size of inverter is large. Because a grid-tied inverter
features a negative incremental resistance in the gq chan-
nel, the AFD method makes the phase even below -180°
which decreases the phase margin of the system.
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Fig. 2. Impedance interaction in qq channel between inverter
and local load under islanding condition.
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Space Vector Modulation for Three-level
NPC Converter with Neutral Point Voltage
Balance and Switching Loss Reduction

e have developed an improved space
vector modulation (SVM) method to
modulate the three-level, three-phase
neutral point clamped (NPC) converter
for renewable energy power conversion

ment using the three-level NPC converter. The control re-
sult for NP balance and loss reduction are verified using a
simulation model and an experimental prototype on 200
kVA three-level NPC converter hardware.

systems. The control objectives for the
three-level NPC converter are loss re-
duction, neutral point (NP) balance and
noise reduction of the SVM. A detailed
loss model and simulation model are
built to analyze quantitative loss and NP
voltage ripple. An improved SVM meth-
od is proposed to simultaneously reduce
the NP imbalance and the switching loss
and noise.

The conventional NP balancing algo-
rithms don’t deal with the switching loss
reduction because the redundant vector
selection is based on a single objective.
However, for high-power, high-frequency
NPC power conversion systems, loss and
noise reduction are important goals, in
addition to the NP balance. Based on the
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Fig. 1. Pulse sequence for the proposed SVM in one switching cycle

existing control algorithms, a new SVM

scheme is proposed to achieve multiple
objectives at the same time.

Gate Driver

The small vectors are selected so that
both the NP charge and the pulse se-
quence are considered. As a result, mini-
mized NP ripple and switching events
are guaranteed within one switching
cycle. The NP voltage is balanced, and
the switching loss and noise are reduced.
Moreover, the switching loss between
switching cycles is also reduced by prop-
erly determining the pulse sequence or-
der. This measure further reduces the
total loss and, most importantly, makes
symmetrical the phase leg loss distribu-
tion. The proposed SVM scheme main-
tains the same total loss and NP balance
results under different power factors, and
is verified by both simulation and experi-

Fig. 2. System structure of the three-level, three-phase NPC power converter
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Investigation and Comparison

of Cascaded H-Bridge and

Modular Multilevel Converter Topologies
for Medium Voltage Drive Applications

n order to perform a comprehensive
comparison between the cascaded
H-bridge multilevel converter and
the modular multilevel converter to-
pologies an accurate and step-by-step
design procedure for each converter is !
needed. ’ i
Fig.1 shows that the cascaded H- O 3 % *@
bridge converter (which is also known » !
as Robicon converter) is composed of a
multi-pulse transformer, 6-pulse diode
front end rectifiers with a dc link filter-
ing capacitor, and a cell-based inverter.
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The design procedure must include a

specified procedure for determining
the values and the selection of compo-
nents for each of the mentioned parts.

In a similar way, the schematic of a
modular multilevel converter (MMC)
is brought out in Fig. 2, where the
converter is composed of a series con-
nected half-bridge modules and arm ||_
inductances. The dc links in the case of
the MMC converter can be provided by
an MMC rectifier or multi-pulse recti-
fiers.

The aim of providing design pro-
cedure is to design converters so we
can compare the converters to each
other from as many aspects as needed.
Once we have both converters in hand,
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we may compare them from different
points of view such as: number of parts
(which affects reliability), individual
component rating, energy storage, ef-
ficiency, power quality, controllabil-
ity, modulation requirements, control
requirements and maximum available
output frequency.
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Evaluation and Control Design

of Virtual-Synchronous-Machine-Based
STATCOM for Grids with High Penetration

of Renewable Energy

ecause renewable energy sources are environmen-
tally friendly and inexhaustible, more and more
renewable energy power plants have been inte-
grated into power grids worldwide. To compen-
sate for their inherent variability, STATCOMs are typically
installed at the point of common coupling (PCC) to help
their operation by regulating the PCC voltage. However
under different contingencies, PCC voltage fluctuations
in magnitude and frequency may impede the STATCOM
from tracking the grid frequency correctly, hence worsen-
ing its overall compensation performance, and putting at
risk the operation of the power plant. Furthermore, the

virtual synchronous machine (VSM) concept has recently
been introduced to control grid-connected inverters em-
ulating the behavior of rotating synchronous machines in
an effort to eliminate the shortcomings of conventional
d-q frame phase-locked loops (PLL). The key advantage
of VSM controllers over D-Q frame controllers is the way
they synchronize; the VSM-type controller remains in-
herently in harmony with the electrical system, while the
D-Q frame controller relies on the PLL to orient its con-
trol system and operation. The test bed is shown in Fig. 1.

When a step change of the wind turbine input power
is applied, the wind turbine frequency s will increase or
decrease at first, then come to a new steady state that is
synchronized with the grid. During the transients, the
STATCOM will synchronize with vpcc, which will also

sz, ks i z Y . .

Grid- ’ Yree ; ‘ ’ suffer a change in frequency before returning to the nom-
intertace|—{ ] L] @ inal 50 Hz, where the VSM-based STATCOM will be 1
comvertor : ina z, where the -base will be less

i Infinite bus sensitive to the frequency change due to the virtual iner-
z, tia applied, and stay closer to the nominal frequency than
v the D-Q frame controlled STATCOM. This is shown in
Fig. 2. Thanks to the better synchronization performance
STATCOM . . . .

T plus virtual impedance, the PCC voltage regulation is also
T better, as shown in Fig. 3. Furthermore, the synchroniza-
tion can be improved via virtual inertia, and the virtual
impedance contributes voltage regulation and robustness

to system disturbances.
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State-Space Switching Model of Modular

Multilevel Converters

he modular multilevel converter (MMC) was

originally developed for high-voltage DC (HVDC)

transmission. However, it has been increasingly

considered for medium- and high-voltage in-
dustrial and grid applications because it features high
modularity, good voltage scalability, and the capability to
operate in direct-to-line mode without a dedicated trans-
former.

The topology of the MMC has been modified since
its invention. The original version was composed of half-
bridge modules without inductors in the phase-leg arms.
It was able to output sinusoidal voltage with low total
harmonic distortion by using the appropriate control ap-
proach. However, the inrush currents in the arms were
significant during the transient of switching the modules.
To resolve this problem, additional inductors were put in
series with the modules on each arm, which provided the
MMC with the capability of limiting and controlling the
arm currents.

Given the MMC’s complex structure and operation,
significant effort has been devoted to the development of
appropriate controls for the MMC, and to the analysis of
its circuit behavior, such as capacitor voltage
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imbalance and large circulating current. Prior | pos
to addressing these problems, it is necessary
to determine the quantitative relationship be-
tween all state variables by building a faithful
mathematical model of the MMC, which is of
great importance and is indispensable in gain-
ing real insight into the topology. The mod- o057,
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els of the MMC developed so far differ from Neg
each other in different degrees of assumptions
and simplification. Most of these models are
steady-state, whether sinusoidal or phasor-
based, or assume that the module capacitors
are DC sources (Fig. 1). Some models based

on switching functions are transformed into
average models, and thus the intrinsic nature
of the, converter might not be fully understood, veiling
possible operation modes. The other switching models
that don’t select appropriate state variables can offer very
limited help to interpret the behaviors of the MMC. To

this end, we propose a complete state-space switching
model for MMC:s that is derived mathematically without
any of the assumptions made in other previous models,
enabling the observation of circuit behaviors from a very
fundamental point of view.
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Design and Integration of Interphase
Inductors for Interleaved Three-Phase
Voltage-Source-Inverters in DC-fed

Motor Drive Systems

djustable-speed motor drives with a voltage-
source pulse-width modulation inverter with
long cables cause EMI issues. Usually EMI fil-
ters are made part of the system to meet EMI
requirements, and these filters make up a big portion of
the system weight. To improve system power density and
reliability, paralleled and interleaved converter topology
is commonly used. Fig. 1 shows the topology of an in-
terleaved two-level dc-fed motor drive system. By phase-
shifting the carrier waveform of individual converters
with an appropriate angle, the voltage harmonics and
EMI noise can be reduced, and the line inductor and EMI
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filter weight can also be reduced, as shown in Fig. 2.
However, interleaving also creates a voltage differ-

ence between the two converters,

mag. ratio
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and requires interphase induc-
tors to limit the circulating cur-
rent. The additional weight of
interphase inductors make the
passive component heavier in
the interleaving topology in mo-
tor drive applications. In order
to reduce the total weight of pas-
sive components, an interphase
inductor can be integrated with
the load indcutor or DM induc-
tors in the EMI filter with neg-
ligible increase in the weight, as

shown in Fig. 3. The maximum

Inductor Weight (g)

1
iterleaving ¢

0 200
Angle

.400 600 800 1000

Integrated Inductance (uH)

integrated inductance is related
to the interleaving angle and
system operation conditions,
which can be designed analyti-
cally.

O
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Gap Design for Ferrite Cores to Maximize
Inductance in the Presence
of NonUniform Saturation

errite inductors with
an air gap are widely
used because of low
core loss and high
inductance under dc bias.
The conventional induc-
tance formula for a gapped
ferrite core assumes uni-
form or negligibly high
permeability. When the
core is designed to oper-

(bbbt

N Ll

b

1 mH Choke

Fig. 1. Permeability map of gapped EE core and Inductance measurement setup

ate near saturation (to

maximize core utilization) at the rated current, such an
assumption is invalid due to the appearance of regions
with low, non-uniform permeabilities (Fig. 1). Finite-el-
ement simulation shows a peak in the plot of inductance
versus gap length that shifts with bias current (Fig. 2(a)),
and that is not predicted by the conventional inductance
formula. A reluctance model is formulated to explain the
nonlinear behavior, and is verified experimentally.

In order to assign the right permeability, the induc-
tor should be divided into various cross-sections along
the flux path. Dc operation point — ¢dc is then calculated
using the first equation in Fig. 2(a). The total reluctance
only depends on ¢dc if the p-B curve of the core material
is given. Maximum inductance can be derived when the
first derivative of the reluctance formula equals zero. The

peak position moves left with the decrease of dc current.
The critical current where the peak position reaches zero
is defined as the gapping current. This value can be used
to determine whether a gap is necessary for an induc-
tor. With a dc bias higher than the gapping current, the
gapped core after optimization will have a larger induc-
tance than an un-gapped core, and vice versa.

To construct an application with non-uniform per-
meability, the experiment of a gapped EE core with the
winding around a smaller leg was carried out, as shown
in Fig. 1. The calculation matches the experimental result,
and the error for maximum inductance is less than 5%.
Curves showing inductance versus gap length for differ-
ent core dimensions were then generated to help choose a
minimum-sized core to meet inductance requirement at
a given dc current, as shown in Fig. 2(b).

Fig. 2.
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Input and Output EMI Filter Design
Procedure for Matrix Converters

he Matrix Converter (MC) is considered a main

candidate for the next generation industrial mo-

tor drive, and more recently for “more electric

aircraft” applications. EMI related phenomena are
especially relevant in cases where its con-

on frequency domain analysis of the EMI sources and
conduction paths, where the input and output CM filters
are designed simultaneously due to the coupling of the
CM path.

tainment is of great concern—as in aircraft
power systems, and as such they remain as
the gap separating the MC from its actual
deployment. Hence, the need for a com-
prehensive design procedure for EMI filters
in MC applications is apparent. This com-
prises an appropriate model to predict the

conducted EMI emissions of the MC, both QUTRLL THLE

in common-mode (CM) and in differen-
tial-mode (DM), and the actual filter de-
sign procedure. Further, if both input and
output terminal EMI filters are required—
as in the case under consideration, then the
design procedure should address both fil-
ters simultaneously. This is as opposed to

the dc-link based ac-to-ac power converters WOst I6C

where typically input and output filters are
designed assuming decoupled input and
output noise. Lastly, to verify the power COU
density of the filter designed, the weight
and volume of the passive components
should be carefully calculated too. The last
step above allows the designer to verify the
level of compactness achieved, a critical as-
pect since MCs are usually assumed to fea-
ture a higher power density than indirect
power converters, an assumption which is
based solely on the fact that the MC power

stage lacks dc-link capacitors, without con-

sidering the impact of EMI filters. In this case, a compari-
son against alternative back-to-back converters ensures
that the MC is indeed the best solution. In this paper
specifically, two- and three-level voltage-source convert-
ers are used as possible alternatives for the design of the
motor drive in question.

In this regard, this paper presents a detailed design
procedure for the input and output EMI filters of an MC
motor drive rated at 30 kW, driving a permanent magnet
synchronous machine (PMSM). The procedure is based

A comparison between the estimated EMI filter
weight of the MC, and a two-level back-to-back converter
(2BBC), two-level interleaved back-to-back converter
(2IBBC), and three-level back-to-back converter (3BBC)
is conducted using the proposed design procedure for all
converters in question. This shows the advantage of the
MC where high power density is desired.
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Inductor Geometry with
Improved Energy Density

he “constant-flux” concept is leveraged to achieve
high magnetic-energy density, leading to inductor
geometries with height significantly lower than
that of conventional products. Techniques to shape
the core and to distribute the winding turns to shape a
desirable field profile have been devised for the two basic
classes of magnetic geometries; those with the winding
enclosed by the core and those with the core enclosed by
the winding. A relatively constant flux distribution is ad-
vantageous not only in terms of density, but also in terms
of thermal problems via the reduction of hot spots, and
in terms of reliability via the suppression of flux crowd-
ing. In this study of the constant-flux inductor (CFI) with
enclosed winding, the foci are the operating principle, dc
analysis, and basic design procedure. Prototype cores and
windings are routed from powder-iron disks and copper
sheets, respectively. The design of the constant-flux in-
ductor is validated by an assembled inductor prototype.
Based on the enclosed-winding geometry, the behav-
ioral model of the constant-flux inductor can be con-
structed in such a way that it shapes the flux distribution
and estimates the performance of the inductor. As shown
in Fig. 1, an ideal constant-flux inductor with enclosed
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winding consists of a magnetic core with N,, winding
windows carrying prescribed Ampere-turns AT;. The
objective is to synthesize the Ampere-turns to constrain
the flux variation to a “uniformity factor o” ratio of the
minimum flux density aBax to the maximum flux den-
sity Bumax allowed in the magnetic field around winding
window j. “Constant” flux is achieved when a approaches
unity. The model is modified to achieve a prescribed a, as
well as the optimal design for a constant-flux inductor.

Fig. 2 gives an example of the relationships among the
current rating, inductance, and dc resistance when the
relative permeability changes from 20 to 30. Along each
curve, the current rating is fixed while the relative perme-
ability is swept from 20 to 30. Either a smaller permeabil-
ity or a smaller current rating would increase the number
of turns that each winding window represents in order to
maintain the maximum flux density By By selecting the
optimal variables, the performance of the inductor can be
significantly improved.

Dc Resistance (m<2 )

Inductance (WH) x10
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Assessment of Switching Frequency Impact
on EMI Emissions of 10 kW SiC

Power Converter Using Un-terminated

Behavioral Models

igh switching frequency operation contributes

to the more complex inverter architectures, but

also changes the EMI performance in a system.

When the switching frequency of a three-phase

inverter changes from 20kHz to 70kHz, the amplitude of

the differential mode (DM) and common mode (CM)

noise beyond the switching frequency will increase, espe-

cially above 1IMHz. Fig. 1 and Fig. 2 show the DM and CM

input/output current for a 3-phase SiC MOSFET power
inverter at 20k and 70k switching frequency.

Un-terminated EMI behavioral modeling can describe

the three-phase inverter with two noise sources and three
inverter impedance parameters. The inverter model and
EMI model are shown in Fig. 3. This model is accurate
in predicting the DM and CM noise for most practical
input and output conditions of an inverter. However due
to the limitation of the measurement, it’s difficult to have
the amplitude of the frequency component above 10MHz
during an experiment. Therefore the accuracy for the un-
terminated model above 10MHz is uncertain. Pushing
the switching frequency higher will help to provide high-
frequency components of larger amplitude.
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In terms of the model, when the switching frequency
goes high, the equivalent noise sources of the inverter will
increase, as shown in Fig. 4, and the equivalent imped-
ances are likely to remain unchanged, as shown in Fig. 5.
This result will help understand the EMI analysis at the

system level with different switching frequencies, and to
design appropriate EMI filters. The model runs in the fre-
quency domain and is validated with experiment on a SiC
MOSEET inverter.
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Bi-directional PHEV Battery Charger based
on Normally-off GaN-on-Si Multi-Chip

utomobile manufacturers are intent to sig-
nificantly reduce the weight and volume of the
on-board charger for Lithium-Ion batteries in
Plug-in Hybrid Electric Vehicle (PHEV). If the
PHEV charger has enabled bi-directional power flow, can
be used as part of the smart grid. With these two moti-
vations, a high frequency, high efficiency bi-directional
battery charger is built with high voltage normally-off

DAB S:eco_ndary
> L
' -# Input

v
Q Battery output

Fig. 1.GaN bi-directional battery charger topology and
prototype

GaN-on-Si HFETS. The battery charger topology consists
of a 500 kHz Full Bridge (FB) AD/DC stage and a 500
kHz Dual Active Bridge (DAB) DC/DC stage, as shown
in Fig. 1.

The full bridge topology is used for the bi-directional
AC/DC stage. In the AC/DC stage modulation, one of the
phase legs only flips the polarity of the midpoint every
half line cycle. This enables the possibility to use a very
large Si MOSFETs to optimize the conduction loss since
the switching loss will be negligible due to 60Hz switching.
DAB is one of the most widely researched bi-directional
DC/DC topology because of the zero-voltage-switching

and fixed frequency. Except for the 60Hz-commutation
phase leg in the AC/DC stage, all the rest of the phase
legs are built with an enhanced mode high voltage GaN
HFETs from HRL Laboratories. The phase leg is packaged
in a multi-chip-module with built-in gate driver and de-
coupling capacitors. The module realizes low parasitics,
low switching overshoot and low switching energy.

The prototype shown in Fig. 1 consists of three build-
ing blocks of full bridge (designated as Hybrid AC/DC,
DAB primary and DAB secondary), magnetics and the
control board. High switching frequency leads to smaller
magnetic size. The control board is for general purposes
and can be reduced in the final implementation.

Experimental waveforms are shown in Fig.2. The test
was conducted at 165Vrms AC input, 250V voltage at the
battery and 1kW output power. By allowing the 120Hz
ripple into the battery, the DC link capacitance can be
significantly reduced so that only ceramic capacitors are
used. The achieved system efficiency is 92.0%, and if do-
ing DC charging, the efficiency is 94.2%.
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Fig. 2. Charging system waveforms at TkW with sinusoidal
charging. Conditions: Vac = 165V(rms), Vdc = 250V,

Vb = 250V, lo(avg) =
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A High-Temperature SiC Three-Phase
AC-DC Converter Design for >100° C

Ambient Temperature

igh-temperature (HT) converters have gained
importance in industrial applications where the
converters operate in a harsh environment, such
as in hybrid electrical vehicles, aviation,and
deep-earth petroleum exploration. These environments
require the converter to have not only HT semiconductor

ON SiC JFET. The first six diodes are utilized as a diode
rectifier stage, and another diode and JFET make up the
second boost stage. The input voltage is lower than 100V
(rms/phase), and the output voltage is regulated to 270V.
The system’s power rating is 1.4kW.

devices made of SiC or GaN, but also reliable
HT packaging, HT gate drives, and HT control
electronics. We have developed a detailed de-
sign process for an HT SiC three-phase PWM
rectifier that can operate at ambient tempera-
tures above 100° C. A SiC HT planar structure
packaging is designed for the main semicon-
ductor devices, and an edge-triggered HT gate
drive is also proposed to drive the designed
power module. The system is designed to
make use of available HT components, includ-
ing passive components, silicon-on-insulator
chips, and auxiliary components.

Taking into consideration the material
available, SiC diodes and JFETs are used as
the main circuit devices and are packaged in
a novel HT planar structure. Besides the HT

High Temperature >100°C Ambient

Voltage Pulse
Regulator Generation

‘}L

i
o
s
<
<
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24V

SiC power module, an HT transformer-iso-

lated gate drive circuit is also proposed. Other
functions; such as the harmonic filter and the
control system, including protection and sen-
sor functions; are designed according to the
available HT silicon-on-insulator (SOI) ICs
and HT passive components. Because of both
the simple topology and the simple control, a
typical single-switch three-phase boost PFC
circuit is used to demonstrate the concept of
HT converter design. The structure and to-
pology for the three-phase ac/dc rectifier are
shown in Fig. 1. The power module is com-
posed of seven SiC diodes and one normally

" voltage
Regulator

Protection Temperature
S i

Fig. 2. System prototype.
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30-W Flyback Converter

Operating at 5 MHz

hanks to the simplicity of the power stage, flyback

converters have been widely adopted as cost-effec-

tive isolated power converters for low-power ap-

plications. While the flyback’s coupled inductors
provide a convenient means for isolation, their stored en-
ergy is responsible for the converter’s low power density,
and their leakage inductances are responsible for the high
voltage stress on the semiconductor switches. Thus, at-
tempting to reduce the size of the inductors by increasing
the switching frequency will have limited success unless
the switching frequency is increased significantly.

The baseline for this investigation is the class of con-
verters with voltages of 36 -72 V. down to 12V at 0 - 30 W.
Around 5 MHz would be a suitable switching frequency,
considering the introduction of GaN transistors on the
market in the last few years. To mitigate switching loss, the
quasi-square-wave flyback converter with synchronous
rectifier was selected, as shown in Fig. 1.

Nickel-zinc (NiZn) ferrite 4F1 with a relative perme-
ability of 80 was selected as the magnetic material since
it had low loss in the 5 - 10 MHz range. Fig. 2 shows the
planar coupled inductors with 0.96 pH of magnetizing
inductance and a size of ER 18%3.2x10 mm3, which were
fabricated with a leakage inductance of 30 nH. In addi-
tion, the high dv/dt of 16 V/ns and high di/dt of 10 A/
ns caused by the smaller output capacitance of GaN FETs
necessitated negative 2 V between the gate and the source
to prevent false turn-on of the switches.

The peak efficiency is 90.6% at a full load of 30 W,
with ZVS achieved for both switches. The switching losses
are the dominant losses (36.5%) of the total loss because
of the large turn-off current for both switches; 35.3% of
total losses are incurred in the coupled inductors; 66.1%
of magnetic loss is the winding loss, due to the skin and
proximity effects in the megahertz range. With the same
power level and efficiency, the power density is 14% better
than that of the commercial flyback converter.

The bulkiest component is the coupled inductor, and
the flux density is the dominant parameter to determine
the core size, which is constrained by the material proper-
ties. Future research will be focused on magnetic design to
further decrease the winding loss and volume.
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Design of a GaN Multichip

Half-bridge Module for High-Frequency
Power Converters

PES has created a design of a multichip Gal- age GaN devices, different layout structures have been an-
lium-Nitride (GaN) power module for high- alyzed to reduce power loop parasitic inductance and im-
frequency power conversion. The module is prove switching performance. The approach investigated
designed with the HRL 600 V Gallium-Nitride is based on a multi-chip module where small-current-
(GaN) enhancement-mode HEMT device. To exploit the rated dies are placed in parallel to achieve higher current
capability of fast switching with low loss from high-volt-  handling capability. Finite-element analysis (FEA) and

switching circuit simula-

tion show that the multi-
layer powerloop design can
2 .
H effectively reduce the gate
i loop inductance and volt-
age overshoot on the de-
. ’ vices. This multi-layer de-
(a)Top view (only 3 switch cell presents) . .
_ 3 sign also improves current
(a)Top View Pins to the gate . . .
¢ driver board sharing of the multi-chip
module during switching
operation.
(b) Bottom View (2) Full-picture of the module (3)Side-view
(a) (b)
Decoupling Capacitor
Power current loop
(a) Cross-section
HilLo Caps.
Side View
(a) Top View
- I I
Gate drive @ -
Side View
(b) Top view (b) Cross-section side view
I - :
A-A
(c) Cross-section A-A"
ey I - :
(C) (c) Full-picture of the module B-B’
(d) (d) Cross-section B-B”

Fig. 1. (a) Halfbridge design using SMD devices; (b) Layout 1 - Cascade structure;
(c) Layout 2 - Cascade multi-layer structure; (d) Layout 3 - Paralleled multi-layer structure
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Multi-Level Single-Phase Shunt Current
Injection Converter Used in
Small-Signal dg Impedance Identification

his paper describes the detailed de-

sign of a single-phase multi-level

single-phase shunt current injec-

tion converter based on cascaded
H-bridge topology. The shunt current
injection converter can inject an arbi-
trary current perturbation at three-phase
power system interfaces, in order to iden-
tify small-signal dq impedances. Special
attention is given toward the selection of
inductors and capacitors, trying to opti-
mize the selected component values. The
proposed control is extensively treated and
inner current and outer voltage loops are
completely analyzed. Furthermore, volt-

age balancing is included into the con-
trol to assure dc voltage control for each
H-bridge module. Analytical expressions,
which describe the design procedure, are
derived and verified to be accurate. The
designed converter is simulated using a

detailed switching simulation model and
excellent agreement between theory and
simulation results are obtained. The pro-
posed multi-level single-phase converter is @

a natural solution for single-phase shunt
current injection with the following prop-

erties: modular design, capacitor energy
distribution, reactive element minimiza-
tion, higher equivalent switching frequen-
cy, capability to inject higher frequency
signals, suitable to perturb higher voltage

2
@ Peak-—Peak 20.0V  20.0 20.0 20.0 0.00

| lac
|
| Vo
I
P e e S = |
g ﬁ»}ewquy N o ‘
(Y - s —>| iy
Rectifier F Regenerﬁﬁtmmt
{ EEITE2N @ L1004 OV @ guu‘m &)
Value Mean Min Max std Dev |

‘Z 40.0ms

5.00M5/s ‘ @ "\-30.0mA|
|10M points )

power systems and capable of generating
cleaner injection signals.

The first simulated operating point investigates wave-
forms when low frequency (50 Hz) current is being in-
jected into the grid, this operating point is equivalent to
10 Hz injection in dq coordinates. Thus, in this operating
point a low frequency voltage ripple at 10 Hz is present
in dc capacitor voltages. Another critical operating point
is a high frequency injection of 30 A rms, 1 kHz current
into the system. Figure 10 shows simulation waveforms

that verify proper operation when the converter is inject-
ing a 50 Hz sinusoidal signal. The dc voltages are balanced
among themselves and a 10 Hz ripple is slightly below
60 V, which is accurately predicted by analytical expres-
sions.

O



102

QO

Efficiency Evaluation of Two-level and
Three-level Bridgless PFC Boost Rectifiers

ncreasing the efficiency has always been one of the
most important topics in power electronics, besides
power density increase and cost reduction. Recently,
to improve the efficiency of the front-end PFC recti-
fiers for medium power applications such as telecom, the
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Fig. 1. (a) Semi-bridgeless PFC boost rectifier. (b) Paralleled or
interleaved PFC boost rectifier. (c) Three-level bridgeless PFC boost
rectifier. (d) Three-level bridgeless PFC boost rectifier with AC switch.
(e) Paralleled or interleaved Three-level bridgeless PFC boost rectifier.
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Fig. 2. Loss breakdowns of the compared topologies

more-electric aircraft and the electric vehicle, industry
has begun to look into bridgeless PFC rectifiers due to the
efficiency increase brought by the absence of the diode
bridge. In this paper, the efficiency of a two-level semi-
bridgeless PFC boost rectifier (2LPFC) with clamping, a

paralleled two-level semi-bridgeless PFC
boost rectifier (P2LPFC) with clamping, an
interleaved two-level semi-bridgeless PFC
boost rectifier (I2LPFC) with clamping,
a three-level bridgeless PFC boost recti-
fier (3LPFC), a three-level bridgeless PFC
boost rectifier with AC switch (3LPFCAC),
a paralleled three-level bridgeless PFC
boost rectifier (P3LPFC) and an interleaved
three-level bridgeless PFC boost rectifier
(I3LPEC) are evaluated and compared. The
topologies in question are shown in Fig. 1.
To estimate the efficiency of each con-
verter, the operation of all the converters
are first introduced and analyzed. Based
on this, to make a fair comparison, an ef-
ficiency-oriented design optimization is
conducted to all the converters. After that,
the efficiency estimation is done by simu-
lation and mathematical calculation. To be
more specific, the conducting current at
any time through any components can be
obtained using simulation based on which
the conduction loss can be calculated tak-
ing into consideration such factors as tem-
perature. To estimate the switching loss of
the switches, a piecewise linear model for
MOSEET is applied. In this model, the
gate charges of the MOSFET instead of the
non-linear capacitance are used to calculate
the turn-on and turn-off time due to the
consistency of the charges in a wide volt-
age range. The loop inductors and the loss
caused by charging the diode when turning
on the switch is considered. Transition of
the drain-to-source current and voltage are
assumed to be linear. The efficiency com-
parison of the topologies is shown in Fig.2.
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Formal Procedure for Power Electronics
Modeling Verification, Validation and
Uncertainty Quantification (VV&UQ)

uring the last two decades, a constructive ap- a formulated procedure for building a conceptual model
proach has been developed to the concepts, ter- and computerizing it in order to have the most complete
minology and methodology of Verification and model for intended use before starting the V&V process.
Validation (V&V). Since this development is The verification process first checks the code verification
based on practical issues, not the philosophy of science, requirements and then calculates the computational er-
each community has tried to improve the existing termi-  ror to see whether the model is verified based on the re-
nology to one which is more comprehensible in their own quirements specified in the P&P step. Once the model is
field of study by building their
own terminology and frame-
work. All definitions follow the

same COl’lCGpt, but they haVe g Based on SRQ, System, Surrounding
been defined in a way that is ap- Enhance Model
plicable to the speciﬁc field of o (Study Subsystems) There is enough information about the

uncertainty of the model’s contents?

study. For this reason the Power i

Electronics Society also needs

its own V&V definitions and —>

framework that are applicable ’

to power electronics systems.

The main goal of the VV&UQ

process is to assess the confi- """"'"'B;'{éEz;,};;;é;fs'a};'"'Y?'Iiﬂ?'t'ig[""?'r'?'c'?'s'i";

dence in modeling and simu- éAdh:;giilon Simulation and experimental results) F
. Model Quality high enough?

lation. It should be noted that : i

there is no validated model and

the model can just be validated

for intended use.

Fig. 1. represents the over-
view of the proposed VV&UQ Fig. 1. Overview of Verification, Validation and Uncerainty Quantification (VV&UQ)
formal procedure. The main
steps to complete the VV&UQ
process are: Planning and Prioritization (P&P), Model-  verified, the validation process gets started. The Validation
ing process, Verification process, Validation process and, Metric is the main part of the validation process, which
at the end, documentation of modeling and simulation is the methodology used to quantify the uncertainty be-
activities. Based on the validation metric chosen in this tween the computational and experimental results. The
paper, the output of the VV&UQ process is the quantified utilized metric in this paper is based on the Bayesian ap-
uncertainty between the simulation and experimental re-  proach. This method is a statistics method which quanti-
sults. The main feature of this procedure is the capability fies the difference between simulation and experimental
of improving the model until it is valid for intended use. ~ results based on the intended level of confidence to com-

However, there is a tradeoff between the accuracy of plete the VV&UQ process. The last but most important is
the VV&UQ result and costs. Customers and development  the documentation of the modeling and simulation ac-
teams should decide about their desirable level of accu- tivities in order to minimize the costs in future projects.
racy and the costs they are able to afford. These decisions
are part of P&P activities. The Modeling Process provides
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Discussion on the Compression of the
Resistance Range in Two-port Networks

oad variations are a known problem for resonant

conversion systems. With a wide range of variations,

each requires a significant change in the switching

frequency, complicating EMI compatibility design,
and efficiency that would reduce especially in light load
conditions. The load variation problem can be signifi-
cantly reduced with use of dedicated circuitry that would
“compress” the variation of the load resistance into a
smaller range. Current effort in the scientific commu-
nity examines a structure that utilizes a passive, lossless
network with the combination of passive rectifiers. Al-
though the structure (called resistance compression net-
work) is simple and significant suppression of the load
variations is possible, the structure is only applicable to
DC-DC conversion systems, where the same effect could
be achieved if the active solution had been pursued in-
stead.

Thus, this work examines the existence and practical-
ity of the resistance compression networks for resonant
power conversion. The investigation has been carried
out generalizing a compression network as the Lin-
ear, Time-Invariant, lossless two-port network (Fig. 1).
ABCD parameters have been used in the analysis. After
some mathematical derivations, it was found that such
a range in a compression circuit cannot be synthetized.
Fig. 2 summarizes the issue. Although the compression
can be achieved when looking at the real part of the in-
put impedance (range [10 Q, 100 Q] compressed to [1
Q, 6 QJ), it is not possible to keep the imaginary part of
the impedance small. The solution has to be found as a
time-variant circuit and one such practical topology will
be presented in the full paper, namely a resistive point-
compressor, where a range of resistance is compressed to
a single point only.
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Resistive point-compression — Theory
of Operation in Resonant Power Transter

esonant converters have been the favored principle
of power transfer among vehicular, medical and Leg
consumer electronics due to high efficiency, high o Vﬁ' —k
operating frequency and compact size/weight. s1
High performance is typically achieved when a resonant B Ceq gRload Vf@)
converter operates near the designed “sweet spot”. How- L1
ever, when circuit parameters and loads are changed the o
efficiency, transferred power, or power density can wors- [zin =Rin + Xin = Ropt + jo
en. Often, to regulate a resonant converter it is required
to change the switching frequency, complicating EMI
and thermal designs. A resistive point-compression has
been conceived to tackle circuit parametric variations.
The primary operation of the resistive point-compres-
sor is to compress wide variations of the load resistance
into a single resistance value. The adaptive approach also
gives the possibility of accommodating other changing
parameters in the circuit. Having the capability to con-

|

Rin RIo:-ld

e

trol parametric variations, the system can be optimized [Q] = E E—p— Load Ramp |
for efficiency and power transfer, switching at the con- 20 [Initial i : 20 tol1l0Q
stant switching frequency. In addition, multiple-output lg | trarﬁie"tf :
systems are easily feasible, with the capability to regulate : :
power sharing. 10 | Xin

Fig. 1 shows the principle of the operation for the H :
resistive point-compressor. It is actually an adaptive [Q] : s [
matching circuit, where equivalent inductance Ley and : i
equivalent capacitance Ceq can be controlled. Control- 2 i E
lable reactances are implemented very similarly to the -10 : :
phase-controlled switched inductor/capacitor. By con- 0.0 0.2 '0_4 U..E 0.8 1.0 x le-2
trolling Leq and ceq it is possible to operate the adaptable time

matching circuit that Zi, = Ring = Ropt, where the Ropt is
the desired value of the input resistance of the resistive
point-compressor. Fig. 2 gives an example where R, con-
trolled to the value of 50 Ohms.
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Energy Harvesting from a Generator
with Time-Dependent Output Inductance

he output current of a generator with time-de-

pendent output inductance is distorted because

of non-linear inductance. The distortion reduces

the harvested power from the generator. Reducing
the distortion in the output current of the generator en-
hances the power output of the generator.

The conditions to maximize power obtained from a
generator with time-dependent output inductance are
derived mathematically in this paper. These conditions
are realized using a converter behaving as variable imped-
ance compensator. A hardware prototype of the converter
is developed. The generator with time-dependent output
inductance is designed and constructed in the lab using
two discrete air-core inductors. An example of a genera-
tor with time-dependent output inductance is a magne-

Switching circuit

Fig. 1.
and air-core inductor (together constitute the generator).

5.2cm

Inner
diameter

10.5cm

Air-Core Inductor

Hardware prototype of switching circuit of the generator

Fig. 3. Hardware prototype of the variable
impedance compensator.

tostrictive generator. The two inductance values for the
designed generator are calculated to match the terminal
behavior of the magnetostrictive generator. A picture of
the developed generator is shown in Fig. 1. The output
current (Fig. 2) for the 320-W generator shows a 29%
THD (Total Harmonic Distortion). Reducing the dis-
tortion to 4 % improves the power in the load to 465 W.
Thus, even after accounting for the losses in the converter,
there is 45% improvement in the harvested power from
the generator. The experimental hardware of the variable
impedance compensator is shown in Fig. 3, and the out-
put current waveforms of the generator, on connecting
the compensator are shown in Fig. 4.

Output Current
r T

Load Power

Fig. 2. Distorted output-current (5 A/div) from the
generator and power (300 W/div) dissipated in the

load without variable impedance compensator.

rae | et | verica | O | worsnca | Ty | Dasa | Cursrs | Messure | sk | v | wyscope | Anayze | unstes | o [ ™ @R
v

I Output Current of Generator [ 5A/div]
7] Reference Signal for Control loop [ 5A/div]

Fig. 4. Output current (5 A/div) of the generator with
the variable impedance compensator.




CPES ANNUAL REPORT 2014 107

Two-Stage Multi-Channel LED Driver
with CLL Resonant Converter

he CLL resonant converter is a variant of the LLC
resonant converter, as shown in Fig. 1. The reso-
nant tank of the CLL converter is composed of C;,
Ly and Le;. In normal operation, C; will resonate
with L1 and Le. Its operation principles are very simi-
lar to the LLC’s. However, for CLL,

output requirement. In addition, the MC3? LLC resonant
converter is always working at the resonant frequency
point, so the second stage is unregulated and it works like
a DCX. Under this working condition, ZVS of the prima-
ry-side switches and the ZCS of the secondary-side recti-

the magnetizing inductance of the
transformer can be very large, be-
cause the magnetizing current of
the transformer does not play an
important role in achieving ZVS

Vbus’

FR AR AR AR AR PR PR AR PR
PP DS

Vo1

during dead time. In contrast, the
current flowing through the exter-
nal inductance L, is very critical
for achieving ZVS. For simplicity,

the impact of a small magnetizing
current can be ignored in practice,

50 icr=irr during dead time. There- R

fore, L1 could be designed properly E Stage I: Buck E i Stage Il: MC® CLL Resonant Cor;:erter)'(f:fo) i
to meet the ZVS requirement. i 25 " i i _| T

The CLL resonant converter \ 1 Y |( ‘5{7 E
is a good candidate for LED driv- i wd 1 i i & Le T E
ing. Because its magnetizing in- Lo ' oo lcﬁ !
ductance could be very large,_efx- E ) E i °2J:I Lo . rr r E
cellent current-sharing capability : v 1 :
can be achieved even under unbal- T E—— I rli :
anced loads. Furthermore, ZVS of i C_Kl'_“h_'_‘;__ E
the primary-side switches can be : ! l “ !
achieved by optimizing L. In ad- i : E
dition, the leakage inductance of : i _”T_;)_' R
the transformer can be absorbed as i " T E
a part of Lep. Therefore, a two-stage \ 2 !
LED driver is proposed, which : — T H—H—T—:':- S i
consists of a buck converter as the T :L _________________ l_ ____________ | ____j
first stage and a MC3 CLL resonant

converter as the second stage, as
Fig. 2 presents.

The control strategy for this
two-stage LED driver is as follows.

Controller O lrer

The forward current of one specific

LED string is sensed for feedback control to tune the duty
cycle of the buck converter. Therefore, Vius, which is also
the input voltage of MC3 LLC, is adjusted according to the

fiers can be achieved. Therefore, the CLL can attain higher
efficiency with a wide load variation.

O
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High Reliability

Capacitor Bank Design for

Modular Multilevel Converters

in MV Applications

odular multilevel converters are a new to-

pology that has gained high interest from

amongst the other multilevel converters.

The reasons for this interest are the modular
structure and the high-quality output voltage and cur-
rent, which doesn’t require an output filter. One of the
main disadvantage of the MMC is the high second har-
monic circulating current, which causes a high-voltage
ripple over the capacitor of each module.

In Fig. 1 A and B, the modular multilevel converter is
shown along with each module for each of its three arms,
respectively. The DC-link capacitor for the power con-
verters can be described using equations (1), (2) and (3),
in which VCPerArm is the voltage of the capacitors per
arm, CPerArmMin is minimum total capacitor value of
the arm, and tV/'max is the time interval of the voltage
ripple.

Considering reliability and life time based on (2), the
practical floating DC-Link capacitor bank is designed.
Because of the design of the DC-link capacitor, usually
two types of capacitor are used: aluminum electrolytic
capacitors and film capacitors. Three design examples for
the floating DC link capacitor are carried out to investi-
gate the practical design issues of the capacitor bank using
aluminum electrolytic and film capacitors. These three
design examples are simulated, as shown in Fig. 2. The
values of the capacitance in each case, which are greater
than the minimum required capacitor value for the spe-
cific ripple, are shown in Table 1. For each case, three de-
sign examples are created using Cornell Dubilier alumi-
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Floating DC-Link
Capacitor Bank
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film capacitors, and Electronicon film capacitors.

The reliability equation of the each design example in
each cases are obtained and shown in Fig. 3. The failure
rate of each capacitor is calculated based on the data-
sheets, which are provided by the manufacturer.

The result shows that in each case the design based on
the film capacitor has a longer life and higher reliability
than the design based on the aluminum electrolytic ca-
pacitor.

In order to increase the reliability of the aluminum
electrolytic capacitor, we present the novel idea of the
adding the film capacitor to the aluminum electrolytic
capacitor to enhance the life time and reliability of the
capacitor bank.

num electrolytic capacitors, Cornell Dubilier
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Performance Projection of Vertical
High-Voltage GaN power MOSFETs and
Comparison to SiC power MOSFETs

n this paper, we quantitatively evaluate the dc and

switching performance characteristics of GaN vertical

DMOSEETs at different BV ratings (1.2 kV, 3.3 kV, 5 kV

and 10 kV) using device simulation. The performance
of GaN MOSFETs is then compared to reported results on
4H-SiC MOSFETs and the findings show that GaN devic-
es offer significant improvement over SiC devices because
the GaN has a higher critical electric field (3.75 MV/cm)
when compared to the 4H-SiC (2 MV/cm).

Figure 1). Channel length values of 1 pum and 0.5 pm are
simulated. Channel mobility of 100 cm2/V.s and an oxide
thickness of 50 nm is used. Fig. 2 shows the extracted spe-
cific on resistance of the devices as a function of blocking
voltage compared with the reported values for the 4H-SiC
MOSFETs. A resistive switching simulation is performed
with Jon = 100 A/cm2, Vpp = rated BV. The extracted per-
formance metrics of the GaN MOSFETs are listed in the
table below. The GaN MOSFETs give a much lower on-

BV (V)

S| —W =44 um
—W=14.8um
BV = 10928V n \
1E+4 Np =2.1e15cm™® —W=22.5um
—W=4.8um
B -~ BVpp

BV =3687V
Np =8e15 cm® ¥

BV=1312V
Np =2.2e16 cm®

1E+3
SE+14 5E+15 S5E+16
Ngige (cm?)

Fig. 1. Calculated punch-through breakdown for GaN as a
function of drift layer doping. Solid lines correspond to the
drift layer thickness used in 1.2 kV, 3.3 kV, 5 kV and
10 kV MOSFETs.
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Fig. 2. Ron,sp of simulated GaN MOSFETs and reported
4H-SiC MOSFETs as a function of BV. Solid lines represent
the theoretical limits of Si, 4H-SiC and GaN.

Fig. 1 shows the calculated punch-through breakdown
voltage curves for GaN at different drift layer thicknesses
corresponding to the drift layer thickness used at differ-
ent voltage ratings. The drift region doping and thickness
is optimized to obtain the lowest drift region resistance
for a given blocking voltage (highlighted by markers in

B -1um Le=05um Qs Qoo
| 1312 TS 0.95 104 767
2.99 237 104 704

478 4.23 104 696
171 16.3 104 680

resistance than commercially available 4H-SiC MOSFETs
at all BV ratings. These simulations quantify the signifi-
cant performance benefits that can be achieved by verti-
cal GaN power devices for high frequency applications as
compared to 4H-SiC power devices.

| Bvv) | R (md.cm?) | Gatecharge (nC/cm?) FOM (Ronzpx | _FOM for 4H-SiC

Qg Qgnsp) (MO .nC) {m.nC)
1410 1154 3440°
1360 2105
1340 3326

1300 11628 9313*
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Characteristics of Monolithically Integrated

LED/Power MOS Channel HEMT Pair

in GaN with Selective

ereport the first demonstration of mono-
lithically integrated LEDs and power
MOS Channel-HEMTs (MOSC-HEMTs)
in GaN. Monolithic integration of GaN-
based LEDs and GaN power switching transistors, such as
MOSFETs, HEMTs, and MOSC-HEMTs, can reduce the
cost and the size of solid-state lighting systems, improve

Epi Removal

temperature performance of the integrated GaN LED is
comparable to that of discrete GaN LEDs. The integrated
GaN LED emission spectrum is dependent on current
and temperature. A dominant wavelength of 459 nm has
been extracted, with a FWHM as small as 22 nm.

system reliability, and serve as a technology plat-
form for light-emitting power ICs (LEPICs) in smart
lighting applications.

The GaN LED and GaN MOSC-HEMT are
monolithically integrated using the selective epi re-
moval (SER) process approach. The starting HEMT
epi is on a sapphire substrate, and an LED epi is
grown in-house on top. The integrated LED and
MOSC-HEMT structure is fabricated by first remov-
ing selected regions of the LED structure to expose
the HEMT epi using ICP-RIE. Subsequent fabrica-
tion processes of the LED and MOSC-HEMT are
carried out with multiple shared steps. Finally the

HEMT Epi |[

CealN MOSC-HEMT

LED :

LED Epi -

Fig. 1. Cross-section view of the monolithically integrated
GaN LED and GaN MOSC-HEMT

interconnection metal connects the LED cathode to

the MOSC-HEMT drain, forming a series con-
figuration, as shown in Fig. 1.

Detailed electrical and optical character-
istics of the integrated GaN LED/HEMT pair
are measured at 25° and up to 225°. The GaN
LED emits a bright blue light, which is directly
driven by the integrated MOSC-HEMT. The
room-temperature (25°) LED current and light
output intensity are measured as a function of
the supply voltage and the HEMT gate voltage,
showing that the light output has been suc-
cessfully modulated by the gate voltage of the
MOSC-HEMT with good linearity (Fig. 2).
With the temperature rising, the light output
power at the same driving current of the LED/
HEMT pair shows an obvious decrease. The
results demonstrate the compatibility of III-
nitride LED and HEMT processes. The high-
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Fig. 2. Room temperature (25° C) current and LED light
output intensity of the LED/HEMT pair




CPES ANNUAL REPORT 2014 111

1200V Bi-Directional Si DMOS IGBT
Fabricated with Fusion Water Bonding

promising application in the fabrication of

two-sided, bi-directional power semiconduc-

tor devices is the bonding of silicon wafers.

With proper process technologies, bipolar de-
vices such as IGBTs, which require an optimum level of
minority carrier transport across the bonded interface,
can be realized. Figure 1 demonstrates a 3300V, bi-di-
rectional functional IGBT, which is achieved by bonding
two front-side processed, thinned wafers back-to-back.
Previous researchers have used a custom mechanical ap-
paratus to align wafers in vacuum. Applying this wafer
bonding approach to lower BD IGBTs becomes increas-
ingly difficult due to the decreasing wafer thickness and
the increasing likelihood of wafer breakage during wa-

fer handling, cleaning and bonding steps. In addition,
the bonding temperature must be constrained up to the
maximum sintering temperature (typically 400-450° C)
to ensure metal contact reliability while the two wafers or
dice must not delaminate (even partially) at any step after
wafer bonding.

In this paper, we report results demonstrating that a
flat and clean surface is the key requirement for a hydro-
phobic bonding process producing an electrically trans-
parent junction. Wafers can receive final polish and scrub
clean after being thinned down to a thickness of 150@Im
by mounting them onto glass carriers using a benzocy-
clobutene based resin (BCB). After diffusion groove fabri-
cation, surface cleaning, and dilute HF treatment, the wa-

fers are aligned back to back and then bonded
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with a slow ramp rate to 400° C. They must
stay at 400° C for 24 hours under atmospher-
ic vacuum and mechanical pressure. After
bonding, the glass carriers delaminate from
the bonded pair, since the BCB between sili-
con device wafers and the glass carrier wafers
is degraded during the 400° C silicon bond-
ing process.

Static and dynamic measurement was
performed using a Tektronix 371A curve
tracer. The forward conduction and break-
down characteristics are shown in Figure 1.
The forward voltage drop was measured at
2.2 V in the first quadrant and 1.9 V in the
third quadrant at a current of 25 A, while the
breakdown voltages were measured at 1400 V
in the first quadrant and 1050 V in the third
quadrant at a current of 500pA. The testing
result implies that a good electrically trans-
parent bonding interface is achieved. For
switching performance, the turn-on and turn
off characteristics at a current of 15 A are il-
lustrated in Figure 2.

In summary, the bi-directional IGBT has
been successfully fabricated and character-
ized. The electrical results demonstrate the
feasibility of low temperature hydrophobic
wafer bonding to achieve good static and dy-
namic performance.
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