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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States government or any agency thereof. The views and opinions
of authors expressed herein do not necessarily state or reflect those of the United States government or any
agency thereof.
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Executive Summary

During fiscal year 2019 (FY 2019), the U.S. Department of Energy (DOE) Vehicle Technologies Office
(VTO) funded early stage research & development (R&D) projects that address Batteries and Electrification of
the U.S. transportation sector. The VTO Electrification Sub-Program is composed of Electric Drive
Technologies, and Grid Integration activities. The Electric Drive Technologies group conducts R&D projects
that advance electric motors and power electronics technologies. The Grid and Charging Infrastructure group
conducts R&D projects that advance grid modernization and electric vehicle charging technologies. This
document presents a brief overview of the Electrification Sub-Program and progress reports for its R&D
projects. Each of the progress reports provide a project overview and highlights of the technical results that
were accomplished in FY 2019.

Executive Summary xiii
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Vehicle Technologies Office Overview

Vehicles move our national economy. Annually, vehicles transport 11 billion tons of freight—about $35
billion worth of goods each day'—and move people more than 3 trillion vehicle-miles.> Growing our economy
requires transportation and transportation requires energy. The transportation sector accounts for
approximately 30% of total U.S. energy needs® and 70% of U.S. petroleum consumption.* The average U.S.
household spends over 15% of its total family expenditures on transportation, making it the most expensive
spending category after housing.’

The Vehicle Technologies Office (VTO) has a comprehensive portfolio of early-stage research to enable
industry to accelerate the development and widespread use of a variety of promising sustainable transportation
technologies. The research pathways focus on fuel diversification, vehicle efficiency, energy storage, and
mobility energy productivity that can improve the overall energy efficiency and efficacy of the transportation
or mobility system. VTO leverages the unique capabilities and world-class expertise of the National
Laboratory system to develop innovations in electrification, including advanced battery technologies;
advanced combustion engines and fuels, including co-optimized systems; advanced materials for lighter-
weight vehicle structures; and energy efficient mobility systems.

VTO is uniquely positioned to address early-stage challenges due to strategic public-private research
partnerships with industry (e.g., U.S. DRIVE, 21 Century Truck Partnership) that leverage relevant expertise.
These partnerships prevent duplication of effort, focus DOE research on critical R&D barriers, and accelerate
progress. VTO focuses on research that industry does not have the technical capability to undertake on its own,
usually due to a high degree of scientific or technical uncertainty, or that is too far from market realization to
merit industry resources.

Annual Progress Report

As shown in the organization chart (below), VTO is organized by technology area: Batteries & Electrification
R&D, Materials Technologies, Advanced Engine & Fuel R&D, Energy Efficient Mobility Systems,
Technology Integration, and Analysis. Each year, VTO’s technology areas prepare an Annual Progress Report
(APR) that details progress and accomplishments during the fiscal year. VTO is pleased to submit this APR for
Fiscal Year (FY) 2019. In this APR, each project active during FY 2019 describes work conducted in support
of VTO’s mission. Individual project descriptions in this APR detail funding, objectives, approach, results, and
conclusions during FY 2019.

! Bureau of Transportation Statistics, Department of Transportation, Transportation Statistics Annual Report 2018, Table 4-1. https://www.bts.gov/tsar.

2 Transportation Energy Data Book 37" Edition, Oak Ridge National Laboratory (ORNL), 2019. Table 3.8 Shares of Highway Vehicle-Miles Traveled by Vehicle
Type, 1970-2017.

3 Tbid. Table 2.1. U.S. Consumption of Total Energy by End-use Sector, 1950-2018.

4 Ibid. Table 1.12. U.S. Transportation Petroleum Use as a Percent of U.S. Petroleum Production, 2018.

3 Ibid. Table 10.1, Average Annual Expenditures of Households by Income, 2016.

Vehicle Technologies Office Overview 1


https://www.bts.gov/tsar

Electrification - Electric Drive Technologies

Organization Chart
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Electric Drive Technologies Program Overview

Introduction

The Electric Drive Technologies (EDT) program’s mission is to conduct early stage research and development
on transportation electrification technologies that accelerate the development of cost-effective and compact
electric traction drive systems that meet or exceed performance and reliability requirements of internal
combustion engine (ICE)-based vehicles, thereby enabling electrification across all light-duty vehicle types.

Goals and Objectives

The goal of the EDT program is to develop an electric traction drive system at a cost of $6/kW for a 100 kW
peak system by 2025. In addition, the program has a 2025 power density target of 33 kW/L for a 100 kW peak
system. While achieving these targets will require transformational technology changes to current materials
and processes, it is essential for enabling widespread electrification across all light-duty vehicle platforms.

Program Design and Execution

The EDT program provides support and guidance for many cutting-edge automotive technologies now under
development. Researchers focus on developing revolutionary new power electronics (PE), electric motor (EM),
and traction drive system (TDS) technologies that will leapfrog current on-the-road technologies. This will
lead to lower cost and better efficiency in transforming battery energy to useful work. Research and
development (R&D) is also aimed at achieving greater understanding of, and improvements in how the various
components of tomorrow’s automobiles will function as a unified system.

In supporting the development of advanced vehicle propulsion systems, the EDT program fosters the
development of technologies that will significantly improve efficiency, costs, and fuel economy.

The EDT program directs early-stage research through a three-phase approach intended to

e Identify overall propulsion- and vehicle-related needs by analyzing programmatic goals and reviewing
industry recommendations and requirements, and then develop and deliver the appropriate technical
targets for systems, subsystems, and component R&D activities

e Develop, test, and validate individual subsystems and components, including EMs and PE

e Estimate how well the components and subsystems work together in a vehicle environment or as a
complete propulsion system and whether the efficiency and performance targets at the vehicle level
have been achieved.

The research performed under this program addresses the technical and cost barriers that currently inhibit the
introduction of advanced propulsion technologies into hybrid electric vehicles (HEVs), plug-in HEVs, battery
electric vehicles (BEVs), and fuel cell powered automobiles that meet the DOE goals.

A key element in making these advanced vehicles practical is providing an affordable electric TDS. This will
require attaining weight, volume, efficiency, and cost targets for the PE and EM subsystems of the TDS. Areas
of development include:

e Novel traction motor designs that result in increased power density and lower cost

Electric Drive Technologies Program Overview 3
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o Inverter technologies that incorporate advanced wide bandgap (WBG) semiconductor devices to
achieve higher efficiency while accommodating higher-temperature environments and delivering
higher reliability

e Converter concepts that leverage higher-switching-frequency semiconductors, nanocomposite
magnetics, higher-temperature capacitors, and novel packaging techniques that integrate more
functionality into applications offering reduced size, weight, and cost

o New onboard battery charging electronics that build from advances in converter architectures for
decreased cost and size

e  More compact and higher-performing thermal controls achieved through novel thermal materials and
innovative packaging technologies

e Integrated motor-inverter TDS architectures that optimize the technical strengths of the underlying PE
and electric machine subsystems.

VTO competitively awards funding through funding opportunity announcement (FOA) selections, and projects
are fully funded through the duration of the project in the year that the funding is awarded. The future direction
for direct-funded work at the National Laboratories is subject to change based on annual appropriations.

Electric Drive Technologies Lab Consortium

The multi-lab EDT Consortium will leverage U.S. research expertise and facilities at the National Labs and
universities to improve the power density of electric drives by 10X compared with the 2015 numbers while
reducing the cost by 50% and doubling the lifetime miles within the next 5 years. The final objective of the
consortium is to develop a 100 kW traction drive system that achieves a power density of 33 kW/L, has an
operational life of 300,000 miles, and a cost of $6/kW. The system will be composed of a 100 kW/L inverter
and a >20,000 rpm, 50 kW/L electric motor.

Research will be performed within the framework of a new research consortium consisting of a multi-
disciplinary team that will plan, establish, conduct, and manage a portfolio of multi-lab and multi-university
research efforts to advance the state-of-the-art in electric drive technologies.

The consortium is organized around three Keystone projects: (1) Power Electronics; (2) Electric Motors; and
(3) Traction Drive System. The consortium will focus on early-stage research projects on advanced materials,
high-density integration of dissimilar layers/materials, multifunctional subcomponents, and optimized and new
thermal/electrical/magnetic architectures. New materials such as wide-bandgap semiconductors, soft magnetic
materials, and ceramic dielectrics, merged using multi-objective co-optimization design techniques, will be
utilized to achieve the program goals. Moreover, integration of components and subcomponents will further
propel the research toward the goals of the consortium.

Consortium National Laboratory members include Ames Laboratory, The National Renewable Energy
Laboratory (NREL), Oak Ridge National Laboratory (ORNL), and Sandia National Laboratory (SNL).
University consortium partners include: North Carolina State University, The University of Arkansas, Virginia
Polytechnic Institute, University of Wisconsin-Madison, Georgia Institute of Technology, University of
California-Berkeley, Illinois Institute of Technology (IIT), Purdue University, The State University of New
York (SUNY), and The Ohio State University.
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Grid and Infrastructure Program Overview

Introduction

The Grid and Charging Infrastructure (G&I) program's mission is to conduct early stage research and
development on transportation electrification technologies that enable reduced petroleum consumption by
light, medium, and heavy duty vehicles. The program identifies and enables the role of vehicles in the future
electrical grid.

Goals and Objectives

Program Goal: The G&I Program identifies systems pathways and conducts research to facilitate the
development and harmonization of a robust, interoperable, and cyber secure, electric vehicle charging and grid
infrastructure which incorporates advanced charging technologies, distributed energy resources, grid, and grid
services.

The program achieves its goal by accomplishing the following objectives:

e EV Grid Integration and Services: Identify system requirements and research Grid to Vehicle power
transfer and storage (V1G) and Vehicle to Grid power transfer (V2G) technologies that optimize
vehicle charging efficiency, minimize systems disruptions, and facilitate integration of distributed
energy resources

o High Power Static / Dynamic Wireless Charging: Conduct feasibility studies and technology
research and development of high power static and dynamic wireless charging to enable additional
consumer charging options and greater vehicle autonomy

e EV/ Electric Vehicle Service Equipment (EVSE) / Grid Interoperability & Control: Research
and develop technologies and tools to enable seamless interoperability (connectivity and
communications) and control that maximize charging convenience and minimize impacts to the grid

o Extreme Fast Charging (XFC): Identify and assess system requirements and conduct research to
enable extreme fast charging while minimizing impacts to the grid.

e Cyber Security: Address on-road vehicle and charging infrastructure related cyber security gaps.

Program Design and Execution

The G&I Program carries out its mission by focusing its R&D investments on early stage, medium and long-
term technology projects that are unlikely to be pursued by industry alone, but have significant potential public
benefit.

G&l R&D Functions

e Perform R&D that focuses on defining requirements, designing, prototyping, and validating the
enabling technologies that are needed. Document and share the results in public and industry forums
where appropriate and feasible.

e Perform modeling and evaluation activities that provide objective, publicly available data to identify
the most appropriate Federal investments and pathways for technology improvements and lessons
learned for cost-effective future activities.
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o Initiate outreach that provides technical assistance, tools, and resources to help stakeholders
understand the technologies.

e Engage in research partnerships with industry to leverage technical expertise, prevent duplication,
ensure public funding remains focused on the most critical barriers to technology commercialization,
and accelerate progress. G&I will work collaboratively with its industry partners in the U.S. DRIVE
Partnership (Grid Interaction Technical Team (GITT)) to analyze and identify technical R&D
opportunities for passenger vehicles.

e Coordinate with other programs in EERE and across the DOE complex — National Laboratories,
DOE’s Office of Science, Office of Electricity Delivery and Energy Reliability (OE), and the
Advanced Research Projects Agency-Energy (ARPA-E) to ensure the effective use of resources while
avoiding duplication and facilitates the transfer of successful technologies across the research and
development continuum. (i.e., Grid Modernization Initiative)

e Collaborate via strategic partnerships with end-users and other key stakeholders.

The G&I program was established in January 2017. The program inherited a few of its FY 2019 projects from
VTO’s Vehicle Systems program. These inherited G&I projects have been assigned to Grid Modernization,
Industry Awards, or Fast Charging Enabling Technologies sections of this Electrification Annual Progress
Report (APR). The Grid Modernization section contains project reports that were awarded to members of the
Grid Modernization Laboratory Consortium (GMLC). The Industry section describes projects that were
awarded to commercial industry performers via DOE’s Funding Opportunities Announcement (FOA)
solicitation process. The Fast Charging Enabling Technologies projects were awarded to National Laboratories
via direct funding agreements.

State of the Art

Electric Vehicle Charging

It is desirable to reduce EV refueling times to be competitive with conventional vehicle refueling times. The
table below lists the refueling characteristics of several types of installed commercial EVSEs and a
conventional gasoline fueling pump. The technologies employed in the EV charging stations are shown in the
figure below.

Currently the most advanced Light Duty vehicle charging equipment is a proprietary system that can recharge
the Tesla EV to 80% of battery capacity (and vehicle range capability) in approximately one-half hour of
charging. This is accomplished by a charge rate of 140 KW.

The two open fast charging standards on the market today CCS and CHAdeMO were both originally designed
to work at 400V. The Combined Charging System (CCS) was developed by seven carmakers and designed for
charging up to SOKW at 400V. The standard is backed by major European and US OEMs and is positioned as
the preferred option for a European network. CHAdeMO was an initiative of Japanese car companies and was
originally designed to charge at up to SOKW at 400V.

The mid-term objective of XFC is to reduce LD charging time to approximately 10 minutes via a charge rate of
approximately 350 to 400 KW. The long-term objective is to achieve charge rates of greater than 1 MW that
will enable fast charging of both LD and Heavy Duty (HD) vehicles.
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Table 1 Light Duty Conventional and Electric Vehicle Refueling Characteristics

Type of Refueling

Range per Charge
Time

Time to Charge for
200 miles

Number of U.S.
stations circa 2016

Charging
Stations

J1772
Vehicle Charge
pors &

Examples of

Gasoline

400 miles

/5 mins

<5 mins

153,000

Level 1
110V
(~1.4kW)

3-5 miles
/60 mins

37 hours

1,600

Level 2

Level 2 DC Fast Tesla
220V Charger SuperCharger
(~7.2kW) (50kW) (140kW)
25 miles 150 miles 330 miles
/60 mins /90 mins /60 mins
8 hours 2 hours 25 mins
10,600 1,600 705

Tesla

DC Fast Charger Supercharge

J1772 combo
o0
I,l
o0 Tesla combo
L O
CHAdeMo >
*
o0

Figure 1 Examples of EV Charging Stations
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Grid and Infrastructure Research Highlights

Accomplishments

Designed a Novel High Power WPT device: The team
worked on modeling, simulations, analysis, and design of
the system power conversion stages and control systems
and completed the design and simulations of the 300 kW
inductive charging system. Since proposed concept is hew,
a relatively low-power, scaled-down version of the couplers
were developed and tested to validate the concept and the
operation. The prototype was tested with ~95% dc-to-dc
efficiency with ~50 kW output.

Built and demonstrated zero emission capable electric
truck technologies for drayage operations: As of 2019, all
eleven electric trucks funded under this project were
constructed with two trucks continuing demonstration
efforts until March 2020. Overall, the trucks that have
completed demonstration have proven successful in
demonstrating their feasibility in various drayage
operations and handling daily loads and many routine
schedules. The trucks have generated significant interest
from trucking companies, which helps to promote and to
accelerate market adoption of electric truck technologies in
cargo transport operations.

65% Reduction in Fuel Consumption via Electrification: The
Electric Truck with Range Extending Engine (ETREE) project
team has developed an EV powertrain and related systems
and completed J1526 fuel consumption testing that
demonstrated 65% reduction in fuel consumption on a
modified NREL8O cycle over a baseline vehicle. The test
exceeded the project goal of 50% reduction in fuel
consumption.

McLaren built and tested a novel eAxle system, energy
storage & range extender systems for installation and final
calibration in four MD demonstration vehicles. There have
been continued challenges to achieve the desired reliability
for demonstration routes. The current system with the two-
speed transmission feature will continue to be developed
for demonstration in FY20.

Delta designed and tested a high-efficiency, medium-
voltage-input, solid-state-transformer-based 400-kW XFC for
EVs achieving better than 96.5 percent efficiency. The XFC
system consists of a Solid-State Transformer (SST), a
Charge Controller (in power cabinet), a Charge Dispenser
(A.K.A. User Unit) and an optional Energy Storage System
(ESS). The test result shows that the SST module and the
Buck module meet the specification. The integration of the
series SST and Buck module is successful. The program
objectives of FY19 were completely met.

Organization

ORNL

South Coast
Air Quality
Management
District

Cummins

McLaren
Engineering

Delta
Electronics
(Americas)
Ltd)

Focus
Area

High
Power
Wireless
Charging

Industry
Awards

Industry
Awards

Industry
Awards

Industry
Awards -
Fast
Charging
Enabling
Technologi
es

Project Title

High-Power
Inductive Charging
System
Development and
Integration for
Mobility

Zero Emission
Drayage Trucks
Demonstration
(ZECT 1)

Cummins Electric
Truck with Range-
Extending Engine
(ETREE)

Medium Duty
Vehicle Powertrain
Electrification and
Demonstration

High-Efficiency,
Medium-Voltage-
Input, Solid-State-
Transformer-Based
400-kW/1000-
V/400-A Extreme
Fast Charger for
Electric Vehicles
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Accomplishments

Bosch progressed development of a commercially viable
PHEV powertrain for MD vehicles that reduces fuel
consumption by 50% on a real-world drive cycle by utilizing
an advanced dual-planetary gear transmission with multiple
clutches, coupled with cost-optimized electric machines.
The integration phase of the PHEV powertrain continued
throughout the year. A dual 24V power pack was installed
for electro-hydraulic power steering and braking while the
ICE is not running. Thermal management is accomplished
using an integrated fluids box from VOSS including new
thermally controlled valves. Fluids box installed on the
chassis, filled and commissioned for initial chassis dyno
testing. E/E Architecture was frozen and the 12V 24V and
HVIL (High Voltage InterLock) systems were integrated into
a single Power Distribution Unit for convenient access and
space considerations. In parallel, engine dyno test results
with a downsized diesel engine assembled to a hybrid
transmission successfully demonstrated mode switches
between one and two motor EV as well as Powersplit during
transient cycles.

High Power Wireless System Development: The CALSTART
project made significant progress in developing systems for
high power and high-efficiency wireless charging of an
electric medium duty delivery trucks. Team developed the
resonant stage components and verified the resonant
voltage gains that would optimize the power transfer
between the ~750-800V primary dc bus voltage and the
nominal 420V secondary. As of September 2019 the team
was working on vehicle integrations and preparations to
demonstrate the operation of the technology on the UPS
research truck.

Odyne progressed the development of a new class of PHEV
Work Truck which will be modularized and customized to
provide optimal ROI across multiple customers and
applications. The work initially focused to demonstrate this
technology as a Utility Work Truck variant. The project
completed the final analytical drive optimization, selection
of the primary path battery system. The project also built
the prototype test chassis and ORNL Hardware-in-Loop (HIL)
powertrain dynamometer test system fixturing and
assembly.

NREL developed technology to mitigate demand charges
via a charge management system integrating many
different types of controllable loads for demand charge
mitigation. The central controller only needs to add a list of
MQTT message topics that are required for the new
controllable loads and aggregate the forecasted energy
needs of them into the optimization.

WAVE developed a HP WPT System Requirements to
develop and integrate a new 500kW WXFC system into a

Organization

Robert Bosch
LLC

CALSTART,
ORNL, UPS

Odyne
Systems

NREL

WAVE, Utah
State
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Focus
Area

Industry
Awards

Industry
Awards-
High
Power
Wireless
Charging

Industry
Awards

Fast
Charging
Enabling
Technologi
es

Industry
Awards-

Project Title

Medium-Duty Urban
Range Extended
Connected
Powertrain
(MURECP), ()

Bidirectional
Wireless Power Flow
for Medium Duty
Vehicle Grid
Connectivity

Development and
Demonstration of
Medium-Heavy Duty
PHEV Work Trucks

Demand Charge
Mitigation
Technologies

High-Power
Inductive Charging
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Accomplishments

Class 8 electric drayage truck developed by Cummins so
that it can automatically and wirelessly charge at a high
charging rate (c-rate) during their dwell times. The proposed
wireless charger features a direct connection to the
Medium Voltage (MV) 3-phase grid developed by Utah State
University and Schneider Electric and the final prototype will
be deployed at Total Transportation Services Inc. (TTSI),
which is a truck operator at the Port of Los Angeles (POLA).

EPRI progressed V2G technology to improve the value of
owning a Plug-in Electric Vehicle (PEV) in the form of an off-
vehicle Smart Power Integrated Node (SPIN) system. SPIN
enables increased renewable generation on the grid and
providing Vehicle to Home type services in conjunction with
on-vehicle and off-vehicle storage. A fully functional SPIN
unit was delivered to NREL NTRC for acceptance testing of
its operational modes. The project defined DC DER software
and communications strategy—an industry first, that will
inform both the IEC/ISO and SAE standards. The project
defined a control and communications architecture for
information exchange between the grid and SPIN as well as
the SPIN and PEV. The project developed the SPIN master
controller and integrated the loTecha EVCC and SECC cards
on Pacifica PHEV and SPIN. Setup of an End to end
communications bench to verify system-level
communications and control functions began.

Off-board V2G functionality of the Pacifica PHEVs have been
accomplished by refreshing the on-board V2G program.
from the on-board V2G program have been refreshed to

A battery test cycle has been defined and the battery has
been provided by FCA to NREL where the test set up has
been completed and the battery testing has commenced.

MUST began advancing the state of the art in EV charging
by addressing the three key challenges of 1) battery
charging algorithms for minimal damage during extreme
fast charging, 2) medium-voltage power conversion for
rapid, inexpensive deployment, and 3) grid compatibility to
mitigate the impact of charging transients on the grid. The
project produced preliminary results on sub-scale analysis,
design, and construction that are to be completed in FY20
and scaled up in future years.

NCSU has made significant progress in all key aspects of
the XFC station design. The team has selected the MV SST
topology; completed the system-level control simulations,

Organization

University,
Schneider
Electric, Total
Transportatio
n Services

EPRI

Missouri
University of
Science and
Technology
(MUST)

North
Carolina
State

Focus

Area
High
Power
Wireless
Charging

Industry
Awards-

Industry

Awards -

Fast

Charging

Enabling

Technologi

€s

Industry

Awards -

Fast

Project Title

System
Development and
Integration for
Mobility

Comprehensive
Assessment of On-
and Off-Board
Vehicle-To-Grid
Technology
Performance and
Impacts On Battery
and The Grid (EPRI
SPIN)

Enabling Extreme
Fast Charging with
Energy Storage

Intelligent, Grid-
Friendly, Modular
Extreme Fast
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Accomplishments

and has constructed a small proof-of-concept prototype to
validate the system control. In addition, the team has made
significant progress in designhing the full-scale SST module
and has identified a vendor for the DC/DC stage that will
make up the DC node for the system. The team has made
significant progress in developing the DC solid-state breaker
and has completed a number of system-level protection
coordination studies, which will drive the design of the DC
distribution system. Finally, the team has selected the
deployment site for the system and is making progress on
completing the detailed engineering drawings for the
system site.

The EPRI led project team initiated development and

validation of a system of PEV XFC equipment with a direct
connection to the medium-voltage utility grid with a novel,

modular, and interoperable approach. The objective of the
project is to develop and demonstrate medium voltage SiC-
based AC-DC conversion equipment and the DC-to-DC head
unit for use in XFC equipment capable of simultaneously
charging multiple light duty PEVs at rates of 2350 kW and a
combined power level of 21 MW while minimizing the
impact on the grid and operational costs.

Argonne collaborated with the European Union’s JRC to
uncover ‘childhood diseases’ in new XFC technology and
inform the manufacturers accordingly. The project
addressed identification and resolution of issues associated
with a 200 kW XFC system. had a few technical issues early
on, but when these issues were addressed by the
manufacturer it was found to communicate according to
the standards using an industry-standard interoperability
test tool. The results showed the EVSE to be backward
compatible with EVs below 50 kW charge levels. The DC
communication analysis showed consistent messaging and
timing. The results imply that integration of higher power
charging stations in communication networks via OCPP
should be accomplished with no more effort than lower
power EVSE that communicate using OCPP.

INL developed XFC Technology Requirements: This project
completed important preliminary research that is necessary
for understanding the impact of fast charging on grid
stability and identifying and mitigating cybersecurity
vulnerabilities. A transient characteristic of a prototype
commercial 350KW XFC was discovered - namely ramp-
down rate at the end of charge events - that has the
potential to impact grid stability.

ORNL identified technology targets to achieve an
economically feasible dynamic wireless EV charging system
applicable to LD vehicles and primary roadways. The
performance targets are:

1) Power transfer level for range extension: 150 kW - 235
kW

2) Efficiency: 90 %

FY 2019 Annual Progress Report

N Focus
Organization Area
University Charging
(NCSU) Enabling
Technologi
es

Electric Industry

Power Awards -

Research Fast

Institute Charging

(EPRI), Eaton Enabling

Corporation.,  Technologi

NREL, es

Tritium, ANL

ANL Fast
Charging
Enabling
Technologi
es

INL Fast
Charging
Enabling
Technologi
es

ORNL, INL, High

NREL Power
Wireless
Charging

Project Title

Charging System
with Solid-State DC
Protection

Direct Current
Conversion
Equipment
Connected to the
Medium-Voltage
Grid for XFC Utilizing
a Modular and
Interoperable
Architecture

Fast Charging:
Interoperability and
Integration
Technologies

Fast Charging:
Grid Impacts and
Cyber Security

High Power and
Dynamic Wireless
Charging for EVs
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Accomplishments Organization

3) Surface power density (SPD): 400 kW/m2

The project also analyzed

a) Minimum roadway coverage solution for primary
roadways for a LD vehicle,

b) Current capabilities of SOA dynamic wireless systems,
c) Performance of two candidate coil reference design as
applied to 200KW systems, and

d) Derived a control-to-coil-current transfer function for a
DWPT controller.

INL WPT EM-field Shaping and Shielding Solutions
Advanced magnetics 3-D finite element modeling tools
were used to develop and analyze the EM field surrounding
a 200-kW light-duty WPT system. The new EM-field shaping
design uses innovated geometry of ferrite placement
around the WPT to effectively shape the EM field therefore
reducing the stray EM field surrounding the WPT system.

The GMLC 1.4.2 Grid Services from Devices project has

completed the specification of the general battery-

equivalent interface for eight device models and is
preparing to publish the models in the form of an open-

source Python-based software library. The project is in the
final stages of completing the grid services software that
will be used for exercising the models and provide insights
into devices’ abilities to respond to a range of prototypical
grid services. The project has analyzed how existing
appliance standards test procedures could be leveraged to
provide equipment parameters useful for characterizing
how well devices can supply grid services, and has
developed plans for testing example devices from three
device classes—electric vehicles, commercial refrigeration,
and water heaters—to validate their device models.

GMLC - PNNL,
with ANL, INL,
LBNL, LANL,
NREL, ORNL,
SNL

Developed Grid-XFC Requirements to promote a reliable
and resilient electric grid:

NREL quantified the effects of uncontrolled charging to
understand how increased PEV adoption may negatively
impact the grid. Progress considered the limitations of the
grid and the impacts of PEV adoption. After acquiring
distribution feeder data, the hosting capacity analysis
displayed the grid’s ability to serve larger loads, such as
xFC. This analysis leads into uncontrolled charging
simulations in which high levels of PEV adoption begin to
create voltage and line loading violations throughout the

NREL, INL,
SNL

Focus
Area

Grid
Moderniza
tion

Fast
Charging
Enabling
Technologi
es

Project Title

GMLC 1.4.2 -
Definitions,
Standards and Test
Procedures for Grid
Services from
Devices

Smart Electric
Vehicle Charging for
a Reliable and
Resilient Grid
(RECHARGE)

12 Grid and Infrastructure Program Overview



FY 2019 Annual Progress Report

Focus

Accomplishments Area

Organization
feeder. These challenges make the case for controlled
charging as a way to mitigate these problems.

INL quantified the effects of uncontrolled charging to
understand how increased PEV adoption may negatively
impact the grid, and to analyzed the effectiveness of
multiple control strategies in mitigating negative grid
impacts introduced by PEVs at scale. High-fidelity charging
models were integrated into Caldera to supplement existing
control strategies developed in past projects. INL began
work to develop new PEV charging control strategies.

NREL Developed MultiPort 1+MW Charging Requirements -:
The first year work of the project included -1) considered
various use cases and travel patterns to develop / quantify
expected vehicle loads at a multi-MW station, 2) analyzed
and optimized charge port control and battery requirements
in a multi-MW station, 3) developed a framework to analyze €s
grid impacts of various multi-MW stations at the distribution

level, 4) Analyzed and quantified connector and charging

system electrical and thermal requirements.

ANL Developed MultiPort 1+MW Charging Requirements:

The work-in-progress CharIN HPCCV coupler specification

covers MD/HD electric truck charging connections, with

similar remaining requirements gaps in communication

reliability, safety interlocks, cooling, and cord handling

including robotic insertion/removal processes.

A draft MW+ multiport charging requirements document

was compiled. A concise digest was created to highlight the

state of readiness of stake holders to plan deployment of

MW+ multiport EV charging systems, including gaps in

standards or data.

ORNL assessed candidate 1+MW charging architectures:

The three candidate architectures listed below were

selected for in-depth study:

1) DC Coupled architecture: components are

interconnected through a common 2kV DC bus

2) AC-Coupled architecture: components are

interconnected through a common 480V, 60Hz AC bus

3) Medium Voltage(MV) Architecture: connects

directly to the medium voltage distribution grid using a

cascaded H-Bridge (CHB) converter

Each of these approaches were investigated from the grid

conversion and impact as well as the interaction with DERs

and EV load converters. The MV topology using the CHB

converter was selected as the most suitable.

NREL, ANL,
ORNL

Fast
Charging
Enabling
Technologi

Developed charging infrastructure cyber threat prioritization |NL
system: Research efforts for this project were focused on
trying to prevent high consequence manipulation and
misuse of EV charging infrastructure. In order to effectively
do so, researchers first conceptualized events that could be
brought about by cyber manipulation to create a physically
adverse effect on high-powered charging infrastructure, EVs,
and/or the electric grid. Researchers then quantitatively
scored the events using an impact severity scoring matrix
and complexity multiplier. The high consequence events
(HCEs) were scored and prioritized based upon this
quantitative method. This prioritization ranking allows

Cyber
Security

Project Title

Development of a
Multiport
1+Megawatt
Charging System for
Medium- and Heavy-
Duty Electric
Vehicles

Consequence-Driven
Cybersecurity for
High-Power
Charging
Infrastructure
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Accomplishments Organization
researchers to focus their efforts on identifying and

securing attack pathways enabling the most severe HCEs,

then working to develop mitigation solutions to prevent and

identify the cyber threats potentially leading to those HCEs.

Began Developing EVSE Cyber Security Threat Models:
There is no comprehensive EVSE cybersecurity approach

and limited best practices_have been adopted by the
EV/EVSE industry. For this reason, there is an incomplete
industry understanding of the attack surface,
interconnected assets, and unsecured interfaces. Thus,
comprehensive cybersecurity recommendations founded on
sound research are necessary to secure EV charging
infrastructure. This project is providing the automotive
industry with a strong technical basis for securing this
infrastructure by developing threat models, prioritizing
technology gaps, and developing effective
countermeasures. Specifically, the team is creating a
cybersecurity threat model and performing a technical risk
assessment of EVSE assets, so that automotive, charging,
and utility stakeholders can better protect customers,
vehicles, and power systems in the face of new cyber
threats.

SNL, PNNL,
ANL

ANL progressed incorporating EVs and EVSE with ‘smart’
communication capabilities in the network at the Smart
Energy Plaza; use cases have been demonstrated for
controlled and emulated smart charging, EVs and EVSE
have been acquired with high level language (i.e., smart)
capability and the common integration platform, CIP.io, has
been enhanced to enable charge scheduling using ISO
15118. However the GMLC use cases that depend on smart
charging have not been demonstrated on schedule due to
delays in overcoming the proprietary interfaces of the EVSE,
The beta version of the Diagnostic Electric Vehicle Adapter
(DEVA) was demonstrated on schedule.

LLNL progressed development of a decentralized,

collaborative algorithm that will enable local groups of
charging station controllers to coordinate the load reduction

responses required by the centralized grid command center,
while meeting technological, policy, and contractual
constraints imposed at the level of the smart charging
stations and possibly at the level of the individual electric
vehicles. The work developed charge management
algorithms.

ANL, INL

LLNL

Focus
Area

Cyber
Security

Fast
Charging
Enabling
Technologi
es

Grid and
Infrastruct
ure Grid
Interopera
bility and
Control

Project Title

Securing Vehicle
Charging
Infrastructure

Smart Vehicle-Grid
Integration (Smart-
VGI)

Scalable Electric
Vehicle Smart
Charging Using
Collaborative
Autonomy
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Project Introduction

This project covers the design and development of next-generation wide-bandgap (WBG) power modules and
associated components within the system. Various component challenges in the system that were addressed—
such as substrates, interconnects, and gate driver circuitry to advance the power density—reduced the footprint
of the system and increased the level of integration.

Objectives

The overall objective of the project is to develop technologies for next-generation advanced integrated power
electronic systems enabling high power density and reliability to achieve the Department of Energy (DOE)
Electrification (ELT) 2025 technical targets: 100 kW/L, $2.70/kW, and 300,000-mile lifetime. Under the
overall objective, two main streamlines have been identified: (1) power module design and (2) gate driver and
auxiliary components. Two evaluations were conducted under the power module design streamline: the
feasibility of quilt packaging (QP) as an interconnect solution in power modules, and the thermal performance
and design challenges of an insulated metal substrate (IMS) with a thermally annealed pyrolytic graphite
(TPQG) insert as a substrate solution. Under the gate driver and auxiliary components streamline, radio
frequency (RF)- based solutions for ultra-compact isolated signal and power transfer were investigated.

Approach

The main approach is to increase the power density and reliability of power electronics to meet DOE ELT
2025 targets (100 kW/L, $2.70/kW, and 300,000-mile lifetime) by focusing on power electronic module and
gate driver research.

Under the power module design streamline, investigations were conducted of substrates for power electronic
modules that allowed increased power density and high reliability for WBG device-based power modules via
better coefficient of thermal expansion (CTE) matching between WBG devices and power module materials,
improved heat extraction, and enhanced thermal and power cycling capability. Furthermore, interconnects with
high power density were evaluated and investigated for low profile, high—current density, and reliable chip-to-
chip and chip-to-package interconnects for power modules and auxiliary circuits (e.g., gate drivers). These
enabled reduced parasitic inductance in the system for optimum switching performance, reduced power
module size, and enhanced reliability by moving to wire bondless solutions.

Under gate driver research for WBG devices, novel architectures for combined signal and power transfer were
developed with advanced functionalities that enabled high power density via the minimization of auxiliary
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components; integration of gate drive circuitry to WBG modules; and advanced gate drive functionality for
improved electromagnetic interference, short circuit protection, and loss distribution.

Results

IMS with TPG Insert

The substrate design evaluated in this study was based on a half-bridge silicon carbide (SiC) metal-oxide
semiconductor field-effect transistor (MOSFET) power module, in which three SiC MOSFET dies were
paralleled per switch and placed on a substrate electrically isolated from the coolant. The electrical schematic
of the half-bridge module is presented in Figure 1.1.1. A Kelvin connection was used for the gate and source
terminals of the SiC MOSFETS to optimize the switching performance independent of the load current. The
SiC MOSFET dies used in this work were rated at 900 V, 30 mQ (CPM3-0900-0030A) at room temperature
and manufactured by CREE. Traditionally, such a design is realized on a direct bonded copper (DBC)
substrate that provides electrical isolation by using an aluminum nitride (AIN) dielectric layer between two
copper planes. The dies were soldered on different copper islands and then connected via bond wires to form

the three terminal half-bridge structure.
DC+e
— —
M, |q M, |lq M;
(o (o
Gate e ™ 1

Sourcee ouTr

= =
M, |lq M; |lq M,
H H
Gate o M 1
Source
DC-o 1

Figure 1.1.1 Electrical layout of the half-bridge module.

TFT

TFT

In this work, an IMS was used to replace the DBC. The DBC was formed by a 640 pm AIN ceramic insulator
sandwiched with 300 um copper on both sides. The substrate provided flexibility to the designer in terms of
the number of stacked layers and thickness of each layer to optimize thermal and electrical isolation
performance. Therefore, the flexibility of the design was used to overcome some of the challenges of an IMS,
such as the low thermal conductivity of the dielectric layer, as stated in Table 1.1.1. The isometric view and
cross section of the insulated metal structure, which was targeted to replace the DBC, are presented in Figure
[.1.2 and Figure 1.1.3, respectively. The SiC MOSFET dies were soldered on two electrical isolated copper
cores, designed to spread heat laterally across the substrate to improve the transient thermal performance and
steady state thermal resistance. These two copper cores were isolated from the bottom copper layer using an
HT-07006 dielectric film, and from each other with a nonconductive epoxy-based filler. The copper core
thickness was 1.6 mm, the dielectric film thickness was 152 pm, and the bottom layer copper thickness was 70
pm. The expanded view of the IMS is presented in Figure 1.1.2, where the structure of each layer can be seen
clearly. Once the copper core, dielectric layer 1, and bottom layer were bonded, additional layers could be
added to the structure. In this case, dielectric layer 2 and the top layer were added to the design to
accommodate isolated electrical terminals for the gate-source connections of the SiC MOSFETs and DC
terminal for the half-bridge design. In the third design, the copper core in the traditional IMS was filled with
thermally annealed pyrolytic graphite (TPG) to enhance the heat spreading and thermal conductivity.
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Table 1.1.1 Standard Layer Thickness of Insulators and Fundamental Properties

Standard Thickness B ERE 2

Material [um [(\:’:I’/ez:ﬁf&‘;] \?;ﬁ:;gcivkv\r;]
Al>03 381 6.3 5.7
AIN 635 28.3 12.7
SisNa 635 11 8.9
HT-07006 152 1.41 11
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Figure 1.1.2 Layer details and isometric view of IMS substrate.
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Figure 1.1.3 Cross section of DBC (left), IMS (middle), and IMS with TPG (right).

The analysis of the substrates was conducted in the COMSOL Multiphysics finite element simulation tool and
based on representative electrical and thermal operating conditions of a WBG power module. The base
temperature of the substrates was set to 65°C, which is the typical coolant temperature in automotive systems.
The heat transfer coefficient between the coolant and the base of the substrate was defined as 5000 W/m2K to
represent the cooling performance of a typical liquid-cooled cold plate and the interface thermal resistance
between the substrate and the cold plate. Each of the SiC MOSFET dies shown in Figure 1.1.2 was considered
as an individual heat source, with a 45 W constant heat source on the top surface of the die for steady-state
thermal analysis. Once the system reached steady state, the heat sources were set to 0 W, and the cooling
profile of the system was analyzed in a time-dependent simulation for transient thermal response analysis.

For the meshing of the substrates, a free triangular mesh was applied at the surface of the system with a 0.2
mm maximum feature size on the die surface and a 0.5 mm maximum feature size on the surface of the
substrate. The surface mesh was then distributed to 5 layers in the die, 5 layers in the die attach, 20 layers in
the copper core, 5 layers in the dielectric layer and 5 layers in the bottom layer to capture head spreading and
temperature distribution across the substrate under test with high accuracy and resolution. Similar settings
wwere applied to the DBC model for consistency.
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The steady-state thermal analysis results for the DBC, IMS, and IMSwWTPG are presented in Figure 1.1.4 with
surface temperature distribution for three different solutions under the same operating conditions. The DBC
provided symmetrical temperature distribution among the top and bottom switches in the half-bridge with a
144°C maximum junction temperature on the surface of the die M». Furthermore, the temperature distribution
presented in Figure 1.1.4 shows that the heat spread across the DBC was limited, resulting in hot spot areas
around the heat sources. Such a temperature distribution across the DBC is one of the reasons that base plates
are included in conventional power modules. As the DBC had limited heat spreading capability, the base plate
provided a larger surface area for the heat transfer from the dies to the heat sink. On the other hand, for the
IMS and IMSWTPG, the maximum junction temperature across the half-bridge module reached 152°C and
141.2°C on the surface of die M,. The surface temperature distribution for the IMS and IMSwWTPG showed
that there was an asymmetry in temperature distribution between the top and bottom switches in the half-
bridge. Dies M4s—Ms had lower temperatures than dies M;-M3 under same loading condition. This asymmetry
can be explained by the design of the copper core in the insulated metal substrate. As shown in Figure 1.1.2,
the copper core was divided into two pieces and separated with a dielectric separator to provide isolated copper
islands for the top and half switches in the half-bridge configuration. The thermal conductivity of the dielectric
separator was less than 0.6 W/m-K; therefore, the separator also acted as a thermal insulator between two
sections of the copper core. Furthermore, it can be seen from Figure I.1.2 that the right side of the copper core
was slightly larger than the left side to accommodate the wire bonding of dies M;—M3 and the output terminal
of the half-bridge. The increase in the copper- or TPG-based core volume led to improved heat spreading for
dies M4—Mg, and the thermal separation with the dielectric separator limited the heat transfer between the
isolated islands within the copper core.

deqC degC
A 152 A 143

150 e N 140
130
120
110
100
90

80

Figure 1.1.4 Steady-state thermal performance of DBC (left), IMS (middle), and IMSWTPG (right).

The transient thermal impedance of each SiC MOSFET die on IMS and DBC substrates was obtained by
recording the cooling performance of each die in a time-dependent simulation. The time-dependent simulation
was run for 100 seconds (s), and the initial conditions for the transient analysis were defined as the results of
the presented steady state analysis. As the junction temperature of each die was recorded, the base temperature
was fixed at 65°C and the initial heat loss across each die was fixed to 45 W; the transient thermal impedance
could be calculated at every time step. The transient thermal impedance values of six dies placed on DBC, IMS
and IMSwTPG substrates are presented in Figure 1.1.5. The thermal impedance curves presented in Figure
1.1.5 show that the symmetrical thermal performance presented in Figure 1.1.5 was achieved by the well-
matched steady state thermal impedance for individual dies on the DBC. The steady state thermal impedance
difference among the six dies was less than 0.1°K/W. On the other side, the transient thermal impedance for
the dies on the IMS and IMSwTPG showed the impact of asymmetrical copper and the TPG-based core design
discussed previously. Although the thermal impedance difference between the parallel dies could be
considered negligible, there was approximately 0.2°K/W between the parallel die groups. Finally, the transient
thermal impedance between 10 ms and 1 s was significantly improved with IMS and IMSWTPG compared
with the DBC-based solution. The results showed that if the copper core area was sufficiently large, then the
steady state thermal impedance of a SiC MOSFET die on an AIN-based DBC could be matched by that of an
IMS or IMSWTPG solution with improved transient thermal impedance below 1 s. The improved transient
thermal impedance performance led to a reduction in junction temperature operation under high-torque, low-
speed operating conditions, which had a positive impact on power cycling and therefore the reliability of the
power module structure.
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Figure 1.1.5 Transient thermal impedance of SiC MOSFET dies placed on DBC (left), IMS (middle), and IMSWTPG (right)

For the experimental characterization of the substrates, a thermal evaluation board was developed to
accommodate the gate driver circuitry, high-voltage/current DC input, and infrared (IR) thermal imaging area.
The developed board is presented in Figure 1.1.6. Each substrate with completed die, wire bond, and
interconnect assembly, as shown in Figure 1.1.6, was painted with flat black spray paint for maximum
emissivity and minimum reflection.
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Dead Thare Generator & SHC MOSFET
Protection Termimals
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D Lk
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Figure 1.1.6 Thermal evaluation board (left); assembled substrate with cold plate, interconnects, and SiC MOSFETs (middle);
setup for thermal characterization of DBC, IMS and IMSWTPG under different load and temperature conditions (right).

The thermal imaging results for the IMS and IMSWTPG substrates, at 250 W total power loss across six SiC
MOSFETs and 65°C coolant temperature, are presented in Figure 1.1.7. The die temperature distribution shows
that the TPG embedded core in the IMS provided improved thermal resistance and reduced junction
temperature, as predicted by finite element analysis.

Figure 1.1.7 Thermal imaging results of IMS (left) and IMSWTPG (right) at 250 W total power loss and 65°C coolant
temperature.
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The IMS-based half-bridge power module was encapsulated and packaged for electrical characterization. The
image of the prototype is presented in Figure 1.1.8.

Figure 1.1.8 IMS-based half-bridge power module.

Quilt Interconnects

QP is a chip-to-chip interconnect technology that incorporates conductive metal “nodules” on the sides of
chips. These nodules are typically copper, and the width can vary from 5 to 500 um, the thickness can be
between 20 and 50 um, and a 10 pm nodule pitch is possible with the standard manufacturing process. Typical
examples of QP in low-power, low-voltage chip-to-chip and board-to-board interconnect solutions are
presented in Figure I.1.9, [1].

Figure 1.1.9 Chip-to-chip and board-to-board interconnect examples with quilt packaging.

Under this task, a silicon-based test sample for quilt interconnect evaluation was designed to evaluate the
electrical, thermal, and mechanical performance of different nodule designs under different operating
conditions. The test sample design for interconnect evaluation is presented in Figure 1.1.10. Two silicon chips
with quilt nodules on the device edges were designed to be mounted on an insulated substrate (DBC in this
scenario) with Al wire bonds for connecting the samples to test equipment. Such a design provides a flexible
platform for evaluation of the nodules for electrical performance and thermo-mechanical reliability.

On four sides of the chip, four different nodule widths (100, 300, 500, and 700 pm), two different nodule spacings
(100 and 250 pum), two different nodule length (30 and 70 pm), and two different nodule geometries (rectangular
and triangular) were implemented in various samples. Some of the quilted samples are presented in Figure 1.1.11.

100 wm Wide Nodules Pads

100 pm Spacing
aiu] rhlE?Nodule
300 urm Wide Nodules

500 pm Wide Modules
250 ym Spacing

250 um Spacing
Termia
L Do
111111| L111Tl i / L
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700 pm Wide Modul . DEC
250 t: sgczing e Terminal Ouilt Sample  Solder Alwire
DC+ Intercomect

Figure 1.1.10 Test sample design for interconnect evaluation.
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Figure 1.1.11 Fabricated silicon samples with quilt nodules.

Conclusions

This report introduces new substrate, integration, and interconnect technologies for next-generation advanced
integrated power electronic systems enabling high power density and reliability to achieve DOE ELT 2025
technical targets (100 kW/L, $2.7/kW, and 300,000-mile lifetime).

Conventional AIN-based DBC was compared with copper core—based and TPG core—based IMSs in steady-
state and transient thermal analysis. It was shown that an IMSWTPG can provide a lower junction temperature
under transient and steady-state operating conditions for SiC MOSFET switches compared with IMS- and
DBC-based solutions. A thermal characterization setup was built for evaluation of different substrates under
various power loss and cooling temperature conditions. It was shown that the IMSWTPG provided reduced
junction temperatures for SiC MOSFETs at rated power loss and coolant temperatures. Furthermore, the IMS-
based half-bridge power module was constructed with full encapsulation and housing for evaluation of the
system under traction drive operating profile.

A quilt interconnect—based test sample, which can accommodate different nodule size and geometries, was
designed to evaluate the electrical, thermal, and mechanical performance of quilt nodules under different
operating conditions. The test sample with various design options was manufactured and quilted successfully.
Experimental evaluation of these substrates will be conducted for electrical and thermal performance and
mechanical reliability assessment.
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Project Introduction

One of the barriers to meeting the DOE ELT 2025 power electronics targets for power density, 100kW/L and
cost, $2.7/kW is the dc bus capacitor in the inverter. The dc bus capacitor is an indispensable component for
maintaining a stable dc bus voltage and smooth battery current for the voltage source inverters (VSI) in electric
vehicles (EVs) traction drive systems. The widely used three-phase VSI switches the battery dc voltage
according to a chosen pulse width modulation (PWM) scheme to produce a desired set of three-phase ac
voltages to regulate the motor current and control the motor torque. In doing the switching operations, the
inverter generates large ripple components with root-mean-square (rms) values over 60 % of the motor
currents in the dc link current, thus necessitating the use of the dc bus filter capacitor to absorb the ripple
currents and suppress voltage transients, which, if not sufficiently constrained, are detrimental to the battery
life and reliability of the semiconductor switches in the inverter. Concerns about the reliability of electrolytic
capacitors have forced EV makers to use self-healing film capacitors, and currently available film capacitors
that can meet the demanding requirements are costly and bulky, making up one-fifth of the volume and cost.
The dc bus capacitor, therefore, presents a significant barrier to meeting the requirements of the electrification
program goals for inverter volume, lifetime, and cost established by DOE and its industrial partners [1]. There
is thus an urgent need to minimize this bulky component by significantly reducing the inverter ripple current.
A much smaller dc bus capacitor would also enable inverters to operate at higher temperatures. Unlike in dc-dc
converter applications, increasing the switching frequency with wide-bandgap (WBG)-based switches has little
impact on the rms vale of the bus capacitor ripple currents, although increasing switching frequency does
reduce the dc bus voltage and motor current ripples.

The goal for this project is to increase traction drive power electronics system power density to meet DOE
ELT 2025 targets (100kW/L) by focusing on power inverter architecture research and busbar designs for
reducing the requirements for passive components.

Objectives

The overall objective of this project is to develop technologies for next generation traction drive power
electronic systems with 8x increase in power density to achieve DOE ELT 2025 target of 100 kW/L through
novel traction drive inverter architecture, optimization of busbar design, and minimization of passive
components.

The two objectives for FY 2019 are: (1) evaluate and select traction drive inverter architecture and (2) produce
a design for 100kW inverter using the selected inverter topology and commercially available components and
access via simulation the gaps for meeting the power density target.
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Approach

The following technical approaches are considered in this project. The first is selecting inverter architectures
that can reduce the dc bus capacitor requirements. Multiphase inverters and segmented inverter arrangement
are evaluated [2]. The second is increasing the inverter dc bus voltage to 800V or higher. This will better
utilize Silicon Carbide (SiC) switching devices’ inherently higher voltage ratings, reduce the size of SiC dies
(and thus lowering the cost), and reduce phase and dc bus currents. The last one is optimizing designs for the
inverter dc busbars (to be carried out in FY2020) by employing embedded and distributed capacitors and direct
cooling of dc busbars.

Results

Figure 1.2.1 shows a standard three-phase inverter-based drive, in which the switches are typically comprised
of multiple switch and diode dies connected in parallel. The segmented inverter (shown in Figure 1.2.2) is
formed by separating the inverter switch and diode dies and motor stator windings into two sets of drive unit.
Further interleaving the switching timings between the drive units through modifying the PWM scheme is
introduced to reduce the dc bus ripple current. There are no changes in the motor control algorithms.

1 |
'|I|II;

Figure 1.2.1 A standard 3-phase inverter-based drive.
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Figure 1.2.2 Segmented inverter-based drive.

Figure 1.2.3 shows a rearrangement of the segmented inverter depicting the two 3-phase inverter units, Inv1
and Inv2. The DC bus currents for the two inverters, #;,,; and i;n2, and the combined inverter current i;,, at
switching frequency f;,» and fundamental frequency f,, consist of a DC component /4 and many harmonic
components. It can be expressed by
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where I, x represents the amplitude, and o, and S, x the phase angles of the harmonic components of the two
inverters identified by the integers n and k. As shown in the equations, the amplitude of each combined ripple
component can be reduced by introducing a phase shift into the corresponding ripple components of the two
drive units to make o, 1#fn k- In particular, the combined ripple current components can be reduced to zero by
introducing a 180 electrical degree phase shift into the corresponding ripple components of the two drive units.
Shifting the relative phase angle of the carrier signals as shown in Figure 1.2.4(a) can introduce phase shifts in
the harmonic components and thus lead to canceling some of the ripple current components while reducing
others. The net effect is a significantly reduced DC bus ripple current to be filtered out by the DC bus
capacitor. The optimal phase-shift angle is 90° for triangle carriers and 180° for sawtooth carriers.
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Figure 1.2.3 Rearrangement of the segmented inverter-based drive.
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Figure 1.2.4 PWM schemes for the segmented inverter-based drive to reduce the DC bus ripple current: (a) phase-shifted
carrier-based schemes, (b) space vector modulation with optimal placement of zero vectors for sector 1, (c) alternate space
vector modulation.

Figure 1.2.5a and Figure 1.2.5b show space vector modulations in sector 1for the segmented inverter, which use
optimal placement of the zero voltage vectors to reduce the inverter DC ripple current, where V;—Vs are the six
active voltage vectors, ¥y and V7 are the two zero vectors, d, and d; are the duty ratios for Vy/V7 and V;, and
Vinvi and Viny2 are the output voltage vectors for Invl and Inv2, respectively.
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Figure 1.2.5 shows a comparison of simulated operating waveforms for the segmented inverter with a capacitor
ripple current of 17.5 Arms (a) and a standard inverter with a capacitor ripple current of 62.1Arms (b) at
modulation index M=0.6, power factor pf=0.9, and phase current Iph=100 Arms. The results show a significant
reduction (71.8%) in DC bus ripple current with the space-vector PWM schemes for the segmented inverter.
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Figure 1.2.5 Simulated operating waveforms for the segmented inverter with a capacitor ripple current of 17.5 Arms (a) and
standard inverter with a capacitor ripple current of 62.1 Arms (b) at M=0.6, pf=0.9, Iph=100 Arms.

A switching timing-based tool for computing the DC bus currents was developed and implemented in Matlab.
The advantages of the method were that it (1) was faster than circuit simulation, (2) implemented various
PWMs more accurately and more easily than analytical formulae, and (3) was easier to use in optimizing
inverter designs. Figure 1.2.6 plots a comparison of normalized capacitor ripple current (a) and busbar current
(b) vs. modulation index for 3-phase and segmented inverters at various power factors. More than 50%
reductions in the maximum ripple currents were possible with the segmented inverter. A maximum reduction
of over 25% was also possible in the DC bus current. These reductions in currents translated to a smaller DC
bus capacitor and busbars. Further, the DC link currents were inversely proportional to the DC bus voltage. For
example, when the bus voltage was increased from 400 V to 800 V, the DC bus ripple currents were reduced
by a factor of 2.

A feasibility study was conducted of multi-phase inverter and motor systems for traction drive applications. In
general, for a given power level, more phases result in lower phase current, which, however, leads to only
moderate reductions in the DC bus ripple current. Multi-phase drive systems may also increase fault tolerance.

A 5-phase system demands complex control methods; whereas a 6-phase system can operate as a dual 3-phase
system, so the same simpler control method used for a 3-phase drive can be used. Moreover, segmented PWMs
can be used in 6-phase systems to reduce the DC bus ripple current.
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Figure 1.2.6 Comparison of normalized capacitor ripple current (a) and busbar current (b) vs. modulation index for 3-phase
and segmented inverters at various power factors.

Simulation results for a 5-phase drive, a symmetrical 6-phase inverter, and an asymmetrical 6-phase drive with
a phase shift of 30° in the stator windings are shown in Figure 1.2.7, Figure 1.2.8, and Figure 1.2.9,
respectively. The DC bus ripple currents are 40.4 Arms for the 5-phase inverter, 38.3 Arms for the symmetrical
6-phase inverter, and 43.9 Arms for the asymmetrical 6-phase inverter. Compared with 53.8 Arms for a 3-
phase inverter, moderate reductions in the DC bus ripple currents were achieved with the multi-phase inverters.

Segmented PWM techniques were used in the asymmetrical 6-phase drive system to reduce the DC bus ripple
current. Simulation results gave a DC bus ripple current of 24.5 Arms, a reduction of 44% compared with
using non-segmented PWM and a reduction of 54% compared with using the 3-phase inverter.
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Figure 1.2.7 Block diagram for a 5-phase inverter (a) and simulation waveforms for switching at m=0.65 and pf=0.9 (b).
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Figure 1.2.8 Block diagram (a) and simulation waveforms for a symmetrical 6-phase inverter at m=0.65 and pf=0.9 (b).
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Figure 1.2.9 Block diagram (a) and simulation results for an asymmetrical 6-phase inverter at m=0.65 and pf=0.9 (b).

A DC bus capacitor life-expectancy prediction and sizing tool was also developed in Matlab based on driving
cycle hot spot temperatures and voltage stress profile (instead of a single temperature and voltage stress point).
Figure 1.2.10 shows a block diagram for the prediction tool, which includes a vehicle model, permanent
magnet (PM) motor with optimal current control block, inverter switching model, capacitor loss and thermal
model, and capacitor reliability and sizing block. Figure 1.2.11 shows modeling results for capacitor ripple
current, Lipple, temperature, Tr, and lifetime, Ly, for a film capacitor under the US06 driving cycle and the
Federal Urban Dynamometer Driving Schedule (FUDDS). Under US06, the capacitor life expectancy is
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L=50,235h for a conventional 3-phase inverter vs. L=67,164h for the segmented inverter. Under FUDDS, the
numbers are L=101,668 h for a conventional 3-phase inverter vs. L=107,782 h for the segmented inverter.
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Figure 1.2.10 Block diagram for driving cycle-based DC bus capacitor life-expectancy prediction and sizing tools.
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Figure 1.2.11 Modeling results for a film capacitor under USO6 driving cycle (left) and FUDDS (right).

A 100kW inverter power stage design was conducted using commercially available components: Cree SiC
metal oxide semiconductor field effect transistor modules and gate drivers, TDK Ceralink capacitors, and a
Microcool coldplate to access the gaps for meeting the DOE ELT 2025 target. Figure 1.2.12 shows a 3-
dimensional drawing for the inverter power stage design and power module baseplate temperature profile. The
design has a power density of 66 kW/L with the following component volume distributions: coldplate 31%,
gate drivers 14%, power modules 10%, DC bus capacitors 9% (with most of the remaining space unused).
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Figure 1.2.12 Inverter power stage design (left) and power module baseplate temperature profile (right).

Conclusions

To help achieve the ELT 2025 targets of 100 kW/L and 300,000 mile lifetime, this project aims to reduce the
sizes of inverter DC bus components in inverter designs by developing novel inverter topologies, increasing
the DC bus voltage, and investigating direct bus cooling to minimize the inverter DC busbar design.

Segmented 3-phase and asymmetrical 6-phase inverter systems were shown to significantly reduce the DC link
ripple current and the DC link capacitor. Other major technical accomplishments included these: (1) developed
a space vector—based segmented PWM switching schemes, (2) developed tools in Matlab to accurately and
speedily compute inverter DC bus ripple current, (3) verified increasing the DC bus voltage and proportionally
reducing the DC bus ripple current and busbar current, (4) developed bus capacitor life-expectancy prediction
and sizing tool based on driving profiles, and (5) generated a gap analysis for inverter power stage designs
using commercially available components.
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Project Introduction

Permanent magnets with heavy-rare-earth (HRE) materials offer superior magnetic properties in terms of
remanence, coercivity, and energy product compared with non—rare earth alternatives. The superior magnetic
properties of these materials yield electric traction motors with unmatched power density and torque density.
Additionally, the inclusion of HRE elements into permanent magnet chemistries provide greatly improved
stability at elevated temperatures. The improved high-temperature properties yield highly reliable motors.

For these reasons, HRE permanent magnets are the standard material choice for automotive traction motors in
hybrid and electric vehicles. Most traction motors on the road today are of the internal permanent magnet
(IPM) type since IPM motors achieve the best performance per dollar over several metrics, including mass,
volume, reliability, efficiency, and noise. Several suppliers have developed surface permanent magnet (SPM)
designs, which have seen limited application in higher-power application (e.g., buses); but these have not made
their way into the light-duty passenger vehicle space because of the cost associated with the increased
permanent magnet usage.

HRE permanent magnets, however, are not without their drawbacks. HREs are expensive materials; the
refinement process is lengthy and costly. Furthermore, supply chain issues with respect to the sourcing and
refinement of HREs have caused significant price volatility. This uncertainty has piqued interest in developing
competitive HRE-free traction motor alternatives to secure the US automotive industry against the
uncertainties related to HREs.

HRE-free traction motor designs come in several flavors. Competitive permanent magnet—free designs include
induction, wound field, switched reluctance, and synchronous reluctance motors. However, all these motors
have their drawbacks. Motors with rotor excitation (induction, wound field) are limited by lower efficiency due
to conduction losses in the rotor coils/bars. Switched reluctance motors have high noise and vibration levels
and thus are not favored for automotive applications. Synchronous reluctance motors can achieve noise and
vibration characteristics as good as those of permanent magnet machines but a theoretical limit on their power
factor requires them to use additional electronics to meet both low-speed torque and high-speed power design
specifications [1].

Because of the drawbacks of the alternatives, there is still broad interest in developing HRE-free permanent
magnet motors. However, because of the limited performance of HRE-free permanent magnets, motors
designed using these materials are more prone to reliability issues related to heating and demagnetization.
Therefore, to design a reliable HRE-free permanent magnet motor, modeling of the demagnetization
characteristics is of utmost importance. For standard permanent magnet materials using HREs, existing
modeling tools work quite well. Unfortunately, this is not true for HRE-free permanent magnets.
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The issue stems from a combination of (1) the complex demagnetization fields present in electric motors and
(2) the nonlinear, anisotropic, and hysteretic nature of the magnetization/demagnetization process of
permanent magnets. Permanent magnets have different characteristic directions. One, called the “hard” axis, is
parallel to the designed magnetization direction; two “easy” axes are perpendicular to the hard axis. Typical
manufacturer and simulation data sets consider only the nonlinear characteristics of the hard axis, while the
easy axes are modeled as ideal linear soft magnetic materials. This approach works well when either (1) the
magnet has a very large coercivity or (2) the demagnetizing field is parallel to the hard axis. When the HREs
are removed from the permanent magnet material, assumption (1) is violated. In IPM traction motors, the
magnets are placed at an angle with respect to the radial direction of the motor, meaning that any
demagnetization field applied during field-weakening operation will not appear parallel to the hard axis. In
SPM traction motors, the low coercivity of the permanent magnets requires that Halbach arrays be used to
prevent demagnetization, requiring that certain magnet segments be magnetized circumferentially instead of
radially. This leads to a similar problem as in IPMs. In any case, it can be almost guaranteed that in any
competitive permanent magnet traction motor, assumption (2) will also be violated.

The issue with vector demagnetization (as opposed to uniaxial demagnetization) in electric motors has
received little attention. The publications that have examined the problem have put estimates on the magnitude
of the errors but have done little to improve modeling tools. One publication examining this issue found that
when a field was applied at a 52° angle to the hard axis of the magnet, no demagnetization was predicted in
simulations, but more than 20% demagnetization was measured [2]. The design margins required to develop a
reliable motor in the face of this uncertainty mean that improved modeling could reduce electric motor costs by
more than 10% through reduced permanent magnet consumption.

Objectives

The objective of this project is to increase the accuracy of the material models used to design electric motors in
order to improve the efficiency, reliability, and power density of HRE-free motors. The two key areas of
investigation are (1) electrical steel core losses and (2) HRE-free permanent magnet modeling. Electrical steel
core losses include hysteresis losses and eddy current losses, which may be caused by a combination of
sinusoidal current waveforms, pulse width modulation (PWM) harmonics, and rotating field vector losses.
Accurately modeling these losses is important for improving electric motor and system efficiency. HRE-free
permanent magnet modeling focuses on vector demagnetization modeling for improved reliability.

This effort has focused on the design of test methodologies and modeling techniques for HRE-free permanent
magnets. This path was chosen because, currently, it is impossible to accurately determine the feasibility and
reliability of any HRE-free motor designed to meet DOE’s 2025 power density targets through simulation
alone. Because of this, expensive prototypes must be built for validation. Even so, if a prototype fails, without
proper modeling tools, it is difficult to understand why the prototype failed and what design parameters can be
changed to make improvements.

Approach

Gathering the data required to implement high-fidelity permanent magnet demagnetization models. There are
two reasons a customized approach is necessary: (1) standard sample geometry is not conducive to measuring
both hard- and easy-axis demagnetization characteristics on the same coupon, and (2) the accuracy of
demagnetization methods is limited by sharp increases in differential permeability near the intrinsic coercivity
of the material.

Electric Drive Technologies Research 31



Electrification - Electric Drive Technologies

The standard sample geometry for testing permanent magnets is a small flat cylinder on which the hard axis
runs parallel to the axis of the cylinder. Because of the curved geometry of the cylinder parallel to the easy
axes, this geometry is unsuitable for testing those directions. Therefore, a cubic magnet shape is desirable for
testing all three of the magnetization axes. However, the sharp edges of the cubic shape lead to undesirable
boundary effects that cause severe measurement errors. Therefore, we have proposed a nine-magnet array
configuration as depicted in Figure 1.3.1. The magnets are separated by thin gaps to allow the insertion of
3-axis magnetic field sensors to measure the normal flux density and tangential field intensity. The well-known
field continuity conditions of electromagnetics imply that moving similar materials adjacent to one another
will reduce the variation of the materials in the gaps [3].

Figure 1.3.1 Nine-magnet permanent magnet array for accurate 3-axis demagnetization testing of low-energy- product and
HRE-free permanent magnets. Two 3-axis magnetic field sensors are used to measure the normal flux density and
tangential field intensity of the central magnet. The orbiting magnets are used to provide field continuity, which minimizes
the impact of edge effects on the measurements.

Figure 1.3.2 shows simulation results for the measurements that would be expected from a single-magnet
configuration versus a magnet array configuration. These are compared against the “intrinsic” magnet
properties that serve as the ground truth. This simple example shows that measurement errors are reduced from
over 50% in the single-magnet configuration to less than 10% in the magnet array configuration. These errors
could be reduced even further using analytical correction terms for magnetic field distributions in thin airgaps.
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Figure 1.3.2 Simulation comparison of single cubic magnet measurement versus nine-magnet array measurement. The
intrinsic curve is the permanent magnet data input into the simulation. The “Single” and “Array” markers are the expected
measurements in each of the configurations. The array configuration measurements more closely match the intrinisic
characteristic.
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Finally, the proposed approach has the advantage of correcting a certain measurement error that occurs in
measuring low-coercivity magnets (regardless of sample geometry). A typical way of measuring the field
applied to a permanent magnet test specimen is to characterize the yoke and coil system without any sample
and then correlate the measured field to the current applied to the coil. The theory is that there is a one-to-one
mapping between coil current and applied field, independent of the sample. This approach only works,
however, if the sample has a relatively low permeability. When permanent magnets are demagnetized, they
transition through a region of high differential permeability occurring around the coercivity. For permanent
magnets containing HREs, this region is not particularly interesting since it typically occurs in the third
quadrant and is bounded away from the maximum energy product location.

This is not the case for HRE- free permanent magnets. Typically, the maximum energy product location is
close to the coercivity. Thus, the differential permeability increase impacts both estimation of the coercivity
(which is critical in this case) and the maximum energy product measurement. By directly measuring the
tangential field intensity using the magnet array technique, the demagnetizing field can be precisely known
without any pre-calibration and despite any permeability variations.

Our approach requires the design and fabrication of a custom testing fixture suited to implementing the
measurement technique. We wanted to apply a field of up to 1.8 T, which is the saturation flux density of
standard silicon steel and about 50% higher than the peak flux density of the highest-remanence permanent
magnets at 1.2 T. The core was to be made from M19 steel laminates to eliminate core eddy currents.
Generally, a greater than 10:1 ratio of gap to permanent magnet material is desirable. The thinnest magnet field
sensor available has a nominal dimension of 0.5 mm. Therefore, we chose a magnet sample geometry of 3/8
inch, giving a ratio of about 19:1. Combined magnetic and thermal optimization was performed to reach the
target airgap flux density while limiting the winding losses to less than 1200 W, which is the maximum power
typically available from a DC power supply and the typical cooling rate from a heat exchanger using standard
single-phase outlets.

Figure 1.3.3 shows simulation results for the final optimized structure. The core dimensions are 331 by 276 by
72 mm. The peak airgap flux density of 1.8 T was achieved with a better than 1% field variation over the body
of the magnet under test. The peak winding temperature was 110°C in the extreme case of constant maximum
current excitation. Because the fields are time-varying, the losses and temperature rise should be about half of
the simulated values. Because of the relatively low winding temperature, it became possible to use a high-
temperature thermoplastic (Ultem) to 3D print the winding housing with coolant inlet and outlet channels. The
windings were constructed of 12 AWG square wire for maximum fill factor, with some space allowed for
coolant flow.
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Figure 1.3.3 One-eight section cutaway simulation of the optimized permanent magnet testing fixture. The peak aperture
airgap flux density is 1.8 T with uniformity of better than 1%. The peak winding temperature under constant 24 A excitation
is less than 110°C when it is cooled by silicon oil at a flow rate of 10 L/min.

Based on the simulated design, all the key subsystems were fabricated and assembled. Figure 1.3.4 shows the
3D printed magnet array holder. The tray containing magnets is disassembled from the body of the assembly.
The groove for the normal flux density sensor can be seen in the body on the right. Figure 1.3.5 shows a few
different views of the various test fixture subsystems. The rightmost image is one of the two coils before being
placed in its housing. The middle image shows the coils in their 3D printed Ultem housing installed on the
ferromagnetic core. The leftmost image shows the permanent magnet subassembly installed on one-half of the
core. Figure 1.3.6 shows the entire system assembled with power supply, inverter, magnetic field sensors,
current sensors, and oscilloscopes for real-time monitoring and data acquisition.

Figure 1.3.4 Disassembled permanent magnet array assembly.
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Figure 1.3.5 Permanent magnet test fixture subassemblies and components; (Left) One of the two excitation coils after
removal from bobbin. (Center) ferromagnetic yoke with excitation coils housed in Ultem oil cooling jackets. (Right)
Permanent magnet assembly installed on one half of the magnetic core.
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Figure 1.3.6 Complete permanent magnet testing system including power supply, inverter, magnetic field sensors, current
sensors, and oscilloscope.

Results

The completed permanent magnet testing system was used to characterize aluminum-nickel-cobalt (AINiCo)
8HC permanent magnet test samples. The hard axis of each sample was first tested in the single-magnet
configuration and compared against the nominal data sheet values for the samples. Note that the data sheet
values are not necessarily the true values for the permanent magnet samples. These properties can vary
significantly as a result of small changes in processing parameters. For example, since the samples are cut from
larger blocks of processed materials, the location in the block from which a sample is taken can impact the
resulting performance greatly.

The single magnet remanence was measured at 0.4 T versus 0.72 T nominal. That this value was significantly
lower than the datasheet value was expected because of the demagnetizing boundary effects impacting the
measured property of the single magnet. The coercivity of the single magnet sample was measured at

149 kA/m vs. 150 kA/m nominal. Likewise, it is expected that the single magnet coercivity measurement
should be fairly close to the real value of the coercivity because this measurement is not highly dependent on
the sample geometry. Finally, the measured energy product was 22 kJ/m? versus 36 kJ/m* nominal. The
measured value was significantly lower owing to a combination of differential permeability increase and
sample geometry impacts on demagnetization. The measured normal and intrinsic curves for the single magnet
sample are shown in Figure 1.3.7.

Electric Drive Technologies Research 35



Electrification - Electric Drive Technologies

2 [ 7 - 1 —
1F 0.5
gl S
Q Q
-1F Hard Axis 051 Hard Axis
Easy Axis Easy Axis
, 45 Degrees ) 45 Degrees
2 = : -1 : . . !
-1000 -500 0 500 1000 -1000 -500 0 500 1000
H (&) H (&)

Figure 1.3.7 Comparison of measured AINiCo 8HC hard and easy axis magnetization characteristics; (Right) normal curves,
(left) intrinsic curves. A computed estimate of the expected characteristic when a field is applied at 45 degrees between
the hard and easy axes is superimposed on both plots.

Next, the hard axes of the magnet samples were tested in the array configuration. This saw the remanence
increase to 0.68 T (0.72 T nominal), the coercivity increase to 166 kA/m (150 kA/m nominal), and the
maximum energy product increase to 44 kJ/m3 (36 kJ/m3 nominal). The measured characteristics of the
magnets in the array configuration are much closer to the nominal values than are the test results from the
single-magnet tests. This validates the testing procedure accuracy improvements provided by the magnet array
technique.

Finally, the easy axis magnetic properties were tested and compared against the hard axis properties. This test
revealed that, compared with the hard axis, the easy axis had 37% lower remanence (0.43 T), 18% lower
coercivity (136 kA/m), and 64% lower maximum energy product (16 kJ/m?). A summary of the three test cases
and nominal values for the AINiCo 8HC are given in Table 1.3.1.

Table 1.3.1 Summary of Test Results for AINiCo 8HC Magnet Samples

Remanance Coercivity Maximum Energy Product

Nominal (Hard) 0.72T 150 kA/m 36 KJ/m3
Single Magnet (Hard) 0.40T 149 kA/m 22 KJ/m3
Magnet Array (Hard) 0.68T 166 kA/m 44 KJ/m3
Magnet Array (Easy) 043T 136 kA/m 16 KJ/m3

Figure 1.3.7 compares the measured three-quadrant normal and intrinsic curves of the easy and hard axes from
the magnet array test. In both plots, the convergence of the measured flux density for the easy and hard axis
tests indicates that the applied field is large enough to completely saturate the magnets. This means that the
tested magnets will have reached their maximum possible magnetization state. While the easy axis does exhibit
much better linearity in the second quadrant, the overall characteristic is still highly nonlinear. For designs in
which the magnitude of the applied field projected onto the easy axis is small, it may be enough to model the
easy axis characteristic with a linear permeability. However, note that this parameter is not supplied by
permanent magnet manufacturers.
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In contrast, when the applied field is no longer primarily against the magnet hard axis, one might expect to
encounter a characteristic closer to the “45 degree” curve superimposed on the measured data in Figure 1.3.7.
This continuous gradation of magnetic properties as the applied field is rotated is missing from current
simulation, analysis, and design procedures. The developed test system and procedures provides a method for
obtaining the necessary data for implementing high-fidelity demagnetization models for HRE- free permanent
magnets.

Conclusions

This project successfully developed a permanent magnet testing system for the evaluation of anisotropic
properties of heavy-rare earth free permanent magnets. The system and methodologies were validated through
full three-quadrant magnetization and demagnetization testing of AINiCo 8HC magnet samples. A failed
magnetic field sensor precluded more detailed testing of the AINiCo 8HC samples or testing of additional
samples before the end of the fiscal year. However, enough data were obtained to demonstrate the functionality
and correctness of the test system and methodologies. Therefore, the system that has been developed will be
able to aid in the design and analysis of HRE-free permanent magnet motors by providing more detailed
magnetization characteristics.
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Project Introduction

The overall objective of this project is to (1) enable the adoption of high-speed and high-power density non—
heavy-rare-earth (HRE) traction motors and (2) analyze the impact of new advanced materials for non—-heavy-
rare-earth electric motors. For the first objective, two motor technology options were considered: permanent
magnet (PM) motors using non-HRE magnet materials and motors not using PMs, such as wound field
synchronous motors. For the second objective, the impact of emerging nanotube-copper composite conductors,
also called ultra-conducting copper (UCC), on the power density and efficiency of non-HRE motors was
investigated. One non-HRE motor technology that has the potential to meet the DOE ELT 2025 targets of
S50kW/L, $6/kW, and 300,000-mile lifetime was down-selected, and mechanical assembly design and thermal
analysis were carried out to confirm its viability.

Objectives

e Evaluate the power density of non-HRE traction motors and their ability to operate under a wide speed
range and at a top speed of 20,000 rpm

e Investigate the impact of the conductivity of UCC winding on the power density and efficiency of
traction motors

Approach

Two options were considered to enable the adoption of non-HRE electric motors for traction to achieve the
DOE ELT 2025 targets:

Option 1: HRE-free PM motors: With dysprosium and terbium-free PMs, PM motors can keep the high-power
density and high efficiency that make them so popular for electric vehicle traction while lowering the cost and
reducing the supply reliability risk. The challenge here is to design the non-HRE PM motor to be resistant to
demagnetization despite the lower coercivity of HRE-free PMs compared with HRE PMs.

Option 2: Non-PM motors: Wound rotor synchronous motors use electromagnets instead of PMs. Hence, they
are very cost effective and can help achieve the 30% cost reduction DOE ELT target for 2025. The rotor field
winding is excited via a stable, robust, and high-speed—capable rotary transformer-based contactless system.

In addition, emerging high-conductivity composite conductors based on carbon nanotubes (CNTs) and UCC
have opened a new degree of freedom to improve electric motor performance: the conductivity of the winding.
Their potential for improving the power density and performance of non-HRE traction motors to achieve the
DOE ELT target of 50 kW/L was evaluated.
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Results
Demonstrated the stability of the open-loop control of the proposed contact-less excitation system for the
wound rotor synchronous motor.

In this task, the impact of resonant compensation on the power transfer capability and stability of the proposed
rotary transformer-based contact-less excitation system was analyzed. It was theoretically demonstrated that
open-loop control of the field winding current is stable. This key finding brings a significant simplification by
eliminating any need for current sensors on the rotating parts. Furthermore, this study has shown that series
resonant compensation on the primary side alone is enough to ensure both high power transfer capability and
stability. This significantly simplifies the excitation by eliminating the need to integrate a resonant capacitor on
the rotating secondary winding (Figure 1.4.1).

Series resonant
compensation on
primary side only

/ Dy
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!
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Figure 1.4.1 Proposed rotary transformer-based excitation system with resonant compensation only on the primary side.

D, P

The condition of stability of the field current control under open-loop operation was theoretically established.
If this condition is verified, the stability of the zero dynamics is independent of the value of the field winding
resistance. The field winding current can be controlled with the inverter phase shift angle and is not affected by
the variation of field winding resistance due to temperature (for a temperature swing from —50 to 150°C),
Figure 1.4.2.
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Figure 1.4.2 Robustness of the field current against the variation of field winding resistance due to temperature (for a
temperature swing from —50 to 150°C).

Completed design of HRE-free PM motors

Under this task, four non-HRE motor technologies were evaluated and compared. These attributes of these
motor candidates are summarized in Table 1.4.1. They are compared for the same outer diameter of 242 mm,
0.76 mm airgap length, copper current density of 20 Arms/mm~*2 under peak power operation, base speed of
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4750 rpm, and top speed of 20,000 rpm. Motor technologies with distributing windings were assumed to be
using bar windings with a slot fill factor of 65%. Those using tooth windings were assumed to have a slot fill
factor of 45%.

The performances of the motor candidates are summarized and compared in Table 1.4.2. Their pros and cons
are described in Table 1.4.3. From these tables, it was found that:

e  The outer rotor Halbach surface PM (SPM) motor has the highest power density. Its mechanical
assembly and bearing system are, however, more complex.

e The dysprosium-free spoke internal PM motor has slightly lower power density and has a
conventional bearing system. However, its rotor assembly is complex and may not be robust at 20,000
rpm.

e The wound rotor synchronous motor has acceptable power density, but it is lower than the two PM
motors mentioned above. It also has a satisfactory but lower efficiency. Its advantage is mainly its
cost-effectiveness.

e Slotless PM motor topologies are not suitable for wide speed range applications because of their very
low inductances.

Based on these conclusions, it was decided to select the outer rotor Halbach SPM motor. Since the PM
material used in the Halbach SPM motor does not include HREs, it is more prone to demagnetization. Hence,
the demagnetization resistance was carefully analyzed under a worst-case scenario of a 3-phase short-circuit
fault at 20,000 rpm and 150°C. The result is presented in Figure 1.4.3: the loss of magnetization under was
only 7% under such an extreme fault. This confirms the robustness of the outer rotor Halbach SPM motor
against demagnetization.

6.9% loss of magnetization after extreme three-phase shori-circuit at 20,000 rpm
3 i ™ Outer rotor SPM

rll:.u “III Illf e _i_,-'n'u_ 1 ?’r """ i'lll-".ll' T II'I-"" T —II.-',TI T .T\_ e _.'H;, -- n_
| I |||I .

Figure 1.4.3 Resistance of the HRE-free outer rotor SPM to demagnetization under 3-phase short circuit at 20,000 rpm.

The mechanical assembly of the motor and the analysis of the mechanical stress on the rotor at 20,000 rpm are
presented in Figure 1.4.4. The maximum stress is within the stress limit for 410 stainless steel (1475 MPa
tensile strength and 1005 MPa yield strength), confirming the mechanical viability of the assembly.
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Figure |.4.4 Mechanical assembly and stress analysis at 20,000 rpm.
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Wound Rotor Synchronous
Motor

Inner rotor
72 slots, 16 poles

Distributed winding

e Non-permanent magnet:
Cost effective

¢ No demagnetization
issue

e Fractional 1.5 slots per
pole per phase to
reduce torque ripple (no
skewing)

HRE-free Inner rotor Spoke
Internal PM Motor

72 slots, 16 poles
Distributed winding

e Reluctance torque helps
maximize torque density

e Low exposure of the
lower coercivity HRE-
free PMs to
demagnetizing armature
field

e Fractional 1.5 slots per
pole per phase and
rotor pole shaping to
reduce torque ripple (No
skewing)

Table 1.4.1 Motor Candidates

HRE-free Outer Rotor SPM
Motor

18 slots, 20 poles

Concentrated tooth winding

e Natural magnet retention
by rotor yoke

e Airgap radius at the
outermost possible to
maximize the torque
density

e  Tooth winding: high direct
inductance for flux
weakening and low torque
ripple

e Halbach magnet
arrangement: Maximize
airgap flux density and
reinforce demagnetization
resistance

HRE-free Outer rotor Slotless
Surface Permanent Magnet

120 slots, 20 poles
Distributed winding

e Natural magnet retention
by rotor yoke

e Airgap radius at the
outermost possible to
maximize the torque
density

e  Slotless winding:
extremely low torque
ripple

e Halbach magnet
arrangement to maximize
flux density and to have a
near sinusoidal flux
density distribution in the
airgap
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- Good Neutral Insufficient Bad -
Wound Rotor Inner Rotor Outer Rotor
Criteria Synchronous Spoke HRE-free Tooth Wound o Rc;:zgsslg:\lﬂess HREs
Motor IPM HRE-free SPM
Active volume (L) - 2.40 2.15 1.88 3.55
(lamination stack)
Max current (at peak 232.77 232.77 192 192
torque)
Efficiency at peak power
base speed (%) (150°C) 93.8 e
Efficiency at 20% load
base speed (%) (150°C) SAE = e
Efficiency at 20% load top
speed (%) (150°C) cle ESHY
Power factor at peak
power base speed
Torque ripple at peak 8.62
power base speed (%) ’
Proven robust at
20,000 rpm in Complex
Mechanical robustness at industry Complex rotor P Complex assembly and
. . assembly and :
high speed (aircraft assembly beari bearing system
earing system
generator
applications)
Additional DC-
DC converter
Simplicity of control with rotary Standard Standard Standard
transformer for
the field winding
Wide speed range
capability Capable Capable Capable
(4,750 to 20,000rpm)
Resistance to
demaghnetization 2.5% 7%
(under 3-phase short- demagnetization | demagnetization
circuit)
Cost effectiveness Cost of HRE-free | Cost of HRE-free | 65 to 89% more HRE-free
PM material PM material PM material
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Motor Candidates

Wound Rotor
Synchronous Motor

Inner Rotor Spoke
HRE-free IPM

Outer Rotor Tooth
Wound HRE-free SPM

Outer Rotor Slotless
HRE-free SPM

Table 1.4.3 Summary of Pros and Cons

Pros

Proven mechanically robust at 20,000
rpm in industry (aircraft generator); cost
effective; wide speed range capable; field
excitation can be disabled in case of fault;
no demagnetization issue

Proven mechanically robust in laboratory
for speed up to 14,000 rpm; wide speed
range capable; can be designed to be
resistant to demagnetization; high power
density; high efficiency; standard 3-phase
inverter; standard control algorithm;
standard bearing system

Proven mechanically robust in laboratory
for speed up to 15,000 rpm; wide speed
range capable; can be designed to be
resistant to demagnetization; highest
power density; high efficiency; standard 3-
phase inverter; standard control algorithm

Proven mechanically robust in laboratory
for speed up to 15,000 rpm; high
efficiency; standard 3-phase inverter;
standard control algorithm

Cons

Lower power density; lower efficiency;
complex control algorithm; additional
DC/DC converter and rotary transformer
for the field winding

Rotor assembly is relatively complex

Complex overall motor assembly; complex
bearing system

Limited speed range; vulnerable to
demagnetization; lowest power density;
uses up to 89% more permanent
magnets (expensive); complex overall
motor assembly; complex bearing system

The thermal analysis and cooling system design were conducted in collaboration with National Renewable
Energy Laboratory (NREL). ORNL evaluated the loss distribution in the motor, including the AC losses in the
winding and the eddy current losses in the magnets (Figure 1.4.5). The finite element thermal modeling was
done at NREL based on the mechanical assembly file from ORNL. NREL analyzed and compared several
cooling options. It was found that with aggressive oil spray cooling on all exposed faces of the stator
lamination and winding, combined with spray cooling of the rotor, and oil cooling of the slot wedges, the hot
spots in the winding and magnets could be kept within the 150°C temperature limit at the highest heat-load

scenario of continuous 55 kW operation at 20,000 rpm (Figure 1.4.6).
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Figure 1.4.5 AC loss in winding and eddy current loss in permanent magnets at 100 kW and 20,000 rpm operation.
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Convection Coefficient: 9000 W/m*-K @ 65°C highlighted (yellow) surfaces

Simulates an aggressive

oil/dielectric spray on all
exposed surfaces in the

stator space

143°C
117°C
90.8°C Credit:
Emily Cousineau &
Kevin Bennion
65.0°C

(NREL)

Figure 1.4.6 Thermal simulation results at 20krpm with high thermal conductivity winding potting, winding spray cooling, slot
wedge liquid cooling, and rotor liquid cooling (Refer to project elt214 “Electric Motor Thermal Management” by Kevin
Bennion (NREL)).

Evaluated the impact of UCC winding conductivity on traction motor performance

The emergence of carbon nanotube-copper composite conductors has opened a new degree of freedom in
electric machine design to improve machine performance: the conductivity of the winding. The goals of this
study are (1) to determine how much improvement in power per unit of volume and performance can be
achieved with an increase in winding conductivity and (2) to investigate any physical limitations on the
effectiveness of this degree of freedom in improving the power per unit of volume and performance of electric
traction motors. Three topologies of HRE-free PM motors were analyzed. The motors had the same outer
diameter of 242 mm and were designed for 100 kW peak power (Figure 1.4.7). The conductivity of the winding
is varied up to 2 times the conductivity of copper. The heat loads in the slots were kept constant across all the
designs.

Reference designs with copper winding
Inner Rotor Spoke IPM Ovuter Rotor SPM motor Outer Rotor Slotless SPM

\ \ﬂ—)
vV
Same motors presented above No magnetic
Affected by magnetic saturation saturation

Figure 1.4.7 Analyzed motor topologies.

The impacts of the winding conductivity on the power densities of the spoke internal PM motor and the outer
rotor SPM motor were similar. With increasing winding conductivity, the volume reduction was lower than the
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ideal forecast because of the magnetic saturation effect in the steel. With a 30% improvement in UCC
conductivity, a 10% reduction in active volume was achieved.

The outer rotor slotless SPM had a low magnetic loading because of the long magnetic airgap. As a result, its
power density was lower than that of the two previous conventional motors. However, since it was not affected
by magnetic saturation, the impact of the winding conductivity reached the theoretical expectation. Therefore,
with a 30% improvement in UCC conductivity, a 12% reduction in active volume was achieved. In addition,
because of its low inductance, the slotless SPM could not achieve constant power operation up to 20,000 rpm
(Figure 1.4.8). This type of machine is better suited for fixed speed or narrow speed range, and the higher the
winding conductivity, the wider the speed range is.

4
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% 1 -=-Inner rotor spoke IPM
o5 —e—Quter rotor SPM
' —+—Quter rotor slotless SPM
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Increase in Winding Conductivity from Copper
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Figure 1.4.8 Impact of winding conductivity on the motor active volume.

In all cases, as the winding conductivity increased, the high-efficiency operating area (> 97%) was enlarged
toward light loads and high speeds (Figure 1.4.9).
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Figure 1.4.9 Impact of winding conductivity on the speed range and efficiency.
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Conclusions

This work has shown that non-HRE high-speed traction motors have the potential to meet the DOE ELT 2025
targets of 50 kW/L, $6/kW, and 300,000-mile lifetime. Two paths were considered. The first one proposes a
contact-less excitation system to enable the adoption of non-PM motors and low-cost wound rotor synchronous
motors for vehicle traction. The second one proposes PM motors using non-HRE magnet materials. The study
has concluded that non-HRE PM motors offer the best compromise among power density, efficiency, and cost.
The outer rotor SPM topology was selected because it had the best power density, efficiency, and robustness
for high-speed operation. A Halbach magnet arrangement was used to maximize the power density as well as
to provide resistance to demagnetization. Electromagnetic, mechanical, and thermal designs were carried out
and confirmed the feasibility of the selected motor.

In addition, the impact of UCC winding conductivity on the power density and performance of several traction
motor topologies was investigated. It was found that the currently reported 30% improvement in UCC
conductivity can lead to a 10% reduction in a traction motor’s active volume.
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Project Introduction

In recent years, DOE has announced technical targets for light-duty electric vehicles. DOE targets reaching a
power density of 33 kW/L for a 100 kW traction drive system by 2025 [1]. It translates to an increment of a
factor of 8 times of the state of the art. To achieve the target, this project focuses on the tight integration of
motor and inverter components to improve power density. In addition to integration, this project focuses on
optimizing the volume of the bulky DC link capacitor by identifying high energy density capacitor technology.

Objectives

The overall objective of this project is to research technologies that will allow the integration of the inverter
with the motor, resulting in a high-power-density integrated traction drive. Specific objectives for FY 2019
include the following:

Identify the gaps and challenges in current integrated electric drive technologies for electric vehicle
(EV) traction application

Identify various integration techniques to integrate an electric motor and an inverter to meet the DOE
2025 power density target

Compare the advantages and disadvantages of different integration technologies

Build finite element (FE) models to analyze thermal effects in collaboration with National Renewable
Energy Laboratory (NREL)

Identify and characterize capacitor technologies for volume optimization

Approach
Our approach to achieving the objectives is:

Understand current integration techniques and identify challenges for tight integration of motor and
inverter

Find all the possible integration methods and assess their thermal performances using a finite element
(FE) platform

Identify and characterize high-energy-density capacitors for volume optimization

48
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Results

Integration of Motor and Inverter

An integrated motor drive (IMD) involves physical integration of all the components of an electric drive unit
into a single casing, thus reducing volume, cost, and complexity of installation. The elimination of separate
casings, busbars, and long wires, along with sharing of the cooling system, are the catalysts behind achieving
increased power density for an IMD. A tightly integrated drive can increase power density by 10-20% with a
concomitant reduction of manufacturing and installation costs by 30%—40% [2].

The state of the art of integration techniques identified through a literature search [3],[4],[5] is depicted in
Figure 1.5.1 The most common integration technique is a radial housing mount, in which the inverter is
manufactured in a separate casing and then mounted on top of the motor casing, Figure 1.5.1a. This type of
integration has the lowest power density because of the geometry, additional casing, and busbars. A radial
stator mounting inverter system uses the stator’s outer periphery. In this type of integration, the inverter and
the motor share the same cooling system, as shown in Figure [.5.1b. The other two integration techniques
noted in the literature are axially mounted inverters, which are either directly connected to the endplate or
connected between the stator lamination and endplate. The latter suffers from an extreme environment, as the
inverter is mounted next to the major heat source (stator winding). The advantages and disadvantages of the
identified integration techniques are shown in Table 1.5.1 Advantages and Disadvantages of Various
Integration Techniques. It is evident from the literature that integration of the motor and inverter reduces the
component count of a traction drive system, resulting in an overall reduction of system cost and volume.

(a) (b) (c) (d)

Figure 1.5.1 Motor and inverter integration techniques: (a) radial housing mount, (b) radial stator mount, (c) axial endplate
mount, (d) axial stator mount.

Table 1.5.1 Advantages and Disadvantages of Various Integration Techniques

Integration

Techniques Advantages Disadvantages
Better thermal isolation between the inverter and May require a separate cooling
Radial Housing motor system
Mount Ease of implementation and manufacturing Achieving high power density is
process difficult

Can share the motor cooling jacket

Tight integration due to sharing of the cooling FISIEUTTEES 2 EEUITEe o

Radial Stator

Mount : accommodate inverter components
jacket
Axial Endplate Endplate provides thermal isolation A separate cold plate is required
Mount Ease of inverter design on top of a flat circular disk
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Integration

Techniques Advantages Disadvantages
Axial Stator Can share the same cold plate W'n?;]negrfj;isismcl;ﬁ:g??oun‘it ::('f_‘"y if
Mount Shared cold plate will act as a thermal shield

windings

Although combining the physical structure of the motor and inverter into a single casing reduces the physical
size of the overall system, heat extraction becomes a challenge. Adopting a traditional separate cold plate
design increases the volume and cost of the overall system, thus reducing the attractiveness of the IMD system.
Therefore, the design of an efficient cooling system for an IMD requires extensive thermal analysis of the
system.

To identify the required thermal performance of these integration techniques, a motor and an inverter were
modeled. The motor model is shown in Figure 1.5.2. In the figure, one-sixth of a 2016 BMW-i3 traction motor
can be seen. A portion of the stator was modeled to reduce the computational burden, with the assumption that
one-sixth of the total losses would be dissipated through the modeled section. One phase leg of the segmented
inverter [6] was also modeled, as shown in Figure 1.5.3. The inverter was designed using a SiC-based chip
mounted on a direct bonded copper (DBC) substrate; the structure and layer thickness of the DBC are also
shown in Figure 1.5.3. The experimental loss data of the motor and loss data of the inverter (simulation-based)
are shown in Figure 1.5.4.

lamination slot liner winding

Figure 1.5.2 One-sixth of 2016 BMW-i3 stator.

SIC chip = 450 W/m-K

Copper - 400W/mk - Solder - 40 W/mk -
0.3mm 0.05mm
Ceramic = AN = 170w/mk
= 0.635mm
s s |
Thermal interface -

1350 wimk [x-y), 18
w/mk (z) - 0.25mm

o &

Heat sink — Ta = 40°C

Figure 1.5.3 DBC structure for thermal simulation.
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Figure 1.5.4 Power loss data: (a) experimental motor power loss; (b) inverter power loss (simulation-based).

An FE-based model of the radial housing mount inverter was created in COMSOL for thermal analysis. The
winding and the core losses were evenly distributed among the motor winding and stator laminations,
respectively. The inverter losses were evenly distributed among the SiC chips. The inverter module was
assumed to be connected to the heat sink using a thermal interface material with thermal conductivity of

28 W/m-k. The heat transfer coefficient was applied to the inner hollow surface of the heat sink. To identify
the required thermal performance, the heat transfer coefficient was varied from 1 kW/m?-K to 10 kW/m?K for
various operating conditions, and the ambient temperature was set to 60°C. The results are shown in a 3D
surface plot in Figure 1.5.5. It can be seen from the simulation results that the winding temperature of the
motor and the inverter junction temperature would remain within the limits, below 200°C and 150°C,
respectively, for the worst-case condition if the heat transfer coefficient were 6kW/m*K or higher.
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Figure 1.5.5 Identification of required thermal performance of radial stator mount IMD system.
htc = heat transfer coefficient.
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Capacitor Characterization

A DC bus capacitor imposes an obstruction to meet high-power-density demand in voltage source inverters
employed in electric traction drives. The purpose of the DC bus capacitor is to decouple the load from the DC
supply unit, thus absorbing a large ripple current and retaining the voltage transients resulting from the inverter
switching action. These capacitors use substantial space, about 20% of an inverter, requiring better capacitor
technology to optimize power density.

There are several capacitor technologies available in the market. The most commonly used ones are
electrolytic, ceramic, and film capacitors. Among the three, the film capacitor is widely used as a DC bus
capacitor for EV traction drive applications. Although these capacitors have lower capacitances per unit of
volume than electrolytic capacitors, they are of interest because of their reliability, high current capability, and
lower equivalent series resistance (ESR).

The other candidate for a DC bus capacitor is the ceramic capacitor. These use ceramic dielectric and have a
very high dielectric constant. They can be constructed using a single-layer capacitor for small capacitance or
by stacking multiple units together to form multilayer ceramic capacitors (MLCCs). The ceramic capacitor has
a much higher rms current rating per unit of volume, has higher capacitance density, and can withstand higher
temperatures than film capacitors. The most common dielectric used in MLCCs is barium titanate (BaTio3),
which is a class II dielectric material.

Another type of ceramic capacitor available in the market is the CeraLink, a trademark of TDK. This capacitor
has all the advantages of MLCCs coupled with increased reliability achieved by using a series connection of
two MLCC geometries in one component. These capacitors use an antiferroelectric material (PLZT) as the
dielectric; thus, their capacitance increases with DC bias.

To realize high energy density, 55 samples of ceramic, CeraLink, and film capacitors were chosen; their
capacitances per unit of volume are plotted in Figure 1.5.6. These are off-the-shelf capacitors readily available
in the market and have a voltage range of 450—1000 V. It is evident from Figure 1.5.6. that CeraLink capacitors
have the highest capacitance density and can be used to optimize the volume of traction inverters. To further
support this hypothesis, film, MLCC, and CeraLink capacitors were selected for detailed experimental
characterization. The parameters of the selected capacitors are shown in Table 1.5.2.
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Figure 1.5.6 Capacitance density of the selected capacitor
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Table 1.5.2 Selected Capacitor’'s Parameter Comparison

Panasonic Film TDK MLCC TDK CeralLink
ECW-FE2W105J [7] C5750X7T2W105K250KA [8] B58031U5105M062 [9]
Material Metallized polypropylene BaTiOs PLZT
Capacitance 1uF? 1uF? 0.6 uF 2
Dimentions 17.6 x 7 x 12.5 mm 5.6 x 4.9 x 2.5 mm 7.5 %x 8.3 x 4.5 mm
Current rating @ 50
kHz, Tamb = 85°C S D S
Maximum Voltage 450V 450V 650V
Maximum 105°C 125°C 150°C

Temperature

! Nominal capacitance at 0 V DC bias.
2 Nominal capacitance at 400 V DC bias.

The performance of the selected capacitors was determined under various operating conditions. The ESR and
the capacitance variation were determined under 0 and 400 VDC bias along with varying device temperatures
(25, 50, 75, and 100°C). The test setup used to adjust the operating point of the capacitors is shown in Figure
1.5.7. A small sinusoidal signal was injected using a frequency response analyzer, and then the current and
voltage across the capacitor under test (CUT) were measured to calculate the ESR and the capacitance
variation during different operating conditions.

Frequency Response Analyzer

Venable

Thermal chembar

Figure 1.5.7 Experimental setup.

The frequency of the AC signal varied between 5 and 200 kHz, and a 500VDC source was used in series with
the AC source to vary the bias voltage of the CUT. A linear amplifier was used to control the amplitude of the
AC signal, in conjunction with an isolation transformer to protect the oscillator port of the frequency response
analyzer. The current and voltage ports of the analyzer were isolated up to 600 V; thus, no isolation was

Electric Drive Technologies Research 53



Electrification - Electric Drive Technologies

required for this test. The CUT was enclosed in a laboratory oven to determine the characteristics under

various operating temperatures. To average the tolerances between individual capacitors, test results for two
samples were averaged and then plotted in Figure 1.5.8 and Figure 1.5.9.
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Figure 1.5.8 Change in ESR and capacitance with DC bias voltage (f = 1kHz, T = 23°C).
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Figure 1.5.9 Change in ESR and capacitance of different capacitor technology in terms of frequency, bias voltage, and
temperature.
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The results indicated that the ESR of the film capacitor was the lowest, meaning the losses in the capacitor
would be lower. However, the bottleneck for the film capacitor was the fixed temperature rise due to self-
heating, 20°C for the selected capacitor. The limited temperature rise significantly reduced the current
conduction capability of the capacitor. The selected film capacitor could conduct only 4 A of current,
necessitating a heat sink to support a higher current or higher-temperature operation. On the other hand, the
CeraLink and ceramic capacitor had much higher maximum operating temperatures and had no obstruction on
the self-temperature rise. Thus, ceramic and CeraLink capacitors could conduct a much higher current.

It is also evident from Figure 1.5.8 and Figure 1.5.9 that the capacitance of the film capacitor was nearly
independent of the DC bus voltage and temperature. On the other hand, the capacitance of the ceramic
capacitor decreased by 70% with the DC bias voltage. The CeraLink capacitor showed opposite characteristics;
unlike the ceramic capacitor, the capacitance of the CeraLink increased with the bias voltage and temperature.
The capacitance reached a maximum value (0.63 uF) at 400 VDC bias and 75°C device temperature.

The impedance of the capacitor increases after a certain temperature (capacitance decrease after 75°C) and the
hottest capacitor takes less current. This ensures natural current balancing through parallel capacitor branches.
The advantages and disadvantages of three selected capacitor technologies are shown in Table 1.5.3.

Table 1.5.3 Advantages and Disadvantages of Selected Capacitor Technologies.

Film Ceramic CeralLink
Energy Density 80J/dm3 350J)/dm3 172 J/dm3
Capacitance 0.47 mf/dm3  4.37 mF/dm3 2.25 mF/dm3
Density
Thermal Runaway Immune Prone Immune
Reliability High Low Medium
Temperature 105°C 125°C 150°C
Inductance [ESL] High Medium Low
Current Carrying . .
Capability Low Medium High
ESR Low Medium Medium

Finally, the volumes of the three capacitors were compared with the film capacitor used inside a 2016 BMW i3
inverter, shown in Figure 1.5.10. It can be seen that the capacitor volume can be reduced by 76% and by 81% if
CeraLink and ceramic capacitors are used. The results established that the CeraLink capacitor represents the
best choice among the three capacitor technologies as a DC bus capacitor for traction inverters because of its
higher energy density, higher current conduction capacity, and redundancy.
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Figure 1.5.10 The volume of the selected capacitor technologies compared with that of a 2016 BMW-i3 450 V 475 uF film
capacitor.

Conclusions

In this report, four integrated drive systems were identified from the literature. A brief review of the identified
integrated electric drive systems, along with their advantages and disadvantages, is presented. It is evident
from the literature that tight integration of the motor and inverter will result in a high-power-density traction
drive system, thus introducing cooling challenges.

To understand the required cooling performance of these tightly integrated systems, an FE-based simulation
model was created to analyze the radial stator mount IMD. The simulation results showed that the required
heat transfer coefficient to cool the motor and inverter for a radial stator mount system is 6 kW/m>K, which is
not a very aggressive target and can be achieved.

Furthermore, to reduce the DC bus capacitor volume, three capacitor technologies were selected for detailed
characterization. The CeraLink capacitor showed superior characteristics compared with the ceramic and film
capacitors. It can be concluded that the CeraLink capacitor technology will be a viable solution for optimizing
overall electric drive volume.
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Project Introduction

This project focuses on the design, study, and evaluation of scalable and high-throughput synthesis approaches
and material technologies for the fabrication of a new class of high-performance copper (Cu) tape conductors
using carbon nanotubes (CNT) (i.e., ultra-conductive copper, or UCC, composites). These conductors will
have higher electrical (and possibly thermal) conductivity than pure Cu to increase the power density and
higher-temperature operation reliability of electric motors while improving their overall efficiency. The new
concepts and methods developed under this project are expected to help meet the DOE 2025 cost and
performance targets for electric motors. After a decade of global research and development (R&D) efforts
[11,[21,[31,[4]1,[5],[6] the most promising UCC composites are composed of 1-dimensional CNTs and Cu, but
the room-temperature performance of these composites is inconsistent. Although a few Cu-CNT composites
with increased conductivities (by up to 30% compared with the International Annealed Cu Standard) have been
demonstrated, those improvements were limited to micrometer-long sample pieces. Further improvements
have been hampered by the lack of controlled alignment of CNTs along the direction of current flow, as well
as unstable/irreproducible processing strategies that rendered these processes to laboratory research. Thus,
these composites are unsuitable for scalable commercial development and production.

The power losses associated with the electrical resistance of Cu adversely impact the efficiency and
performance of all electric devices. Ballistic electrical transport in CNTs (the charge carriers can travel over
approximately 500 nm in nanotubes without scattering) is expected to improve the conductivity of the Cu
matrix with additional CNT-enabled benefits, including low-weight, flexibility, and better thermal
management (Table 1.6.1).
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Table 1.6.1 Comparison of the Properties of Single Walled CNTs versus Cu

Cu CNT
CE:\ZCJEE\?iIty g9 i/ 100 MS/m
Contuctuity  400W/mK 4000 W/mK
g::;rt‘:’ 2Oy 108 A/cm?

A few promising Cu-CNT composites with improved conductivities have been demonstrated, but only on
micrometer-long sample pieces [1],[2],[3],[4],[5]. Further improvement of these UCCs has been hampered by
poor fundamental understanding of Cu-CNT interactions affecting bulk electrical and thermal transport
properties. In addition, most of the present UCC processing strategies are unstable (leading to inconsistent
results) and are limited to laboratory-scale operation, rendering them unsuitable for large-scale commercial
development and production. The current approaches to making Cu-CNT composites include electrolytic
processes, either to produce a composite deposit containing Cu-ions and CNTs on a cathode, or forming
powders that may be consolidated later into usable wire forms; die-casting, to metal forming, by mixing liquid
Cu with CNTs; acoustic-assisted coating by which CNTs that are suspended in a fluid are agitated/deposited
around a central Cu wire; high-pressure laser chemical deposition with simultaneous laser-induced cladding
with Cu; and a powder metallurgical approach using spark plasma sintering to form a Cu composite.

The main problems associated with these methods are (1) the lack of controlled alignment of CNTs along the
direction of the current flow, (2) the phase segregation of CNTs from the Cu during wire processing, and (3)
the lack of fundamental understanding of how nanotube properties and CNT-Cu interfaces/interactions affect
macroscale properties. Based on a theory-aided experimental approach, this project addresses these
fundamental challenges to successful development of UCCs with electrical conductivities exceeding that of
pure Cu.

Objectives

Cost and size are the key barriers to achieving the Electrical and Electronics Technical Team 2025 electric
traction drive systems technical R&D targets. In the case of electric motors, reductions in volume and
improvements in efficiency are limited in part by the electrical conductivity limitations of copper windings. In
addition, considering that the stator with copper winding constitutes nearly 40% of the total motor cost, the
main R&D strategy is currently focused on reducing cost by using new materials with improved capabilities
and performance, and applying them in motor design innovations [6]. The overall objective of this project is to
design and develop a new class of high-performance Cu wires, using CNTs that are higher in electrical and
thermal conductivity, to increase the power density of electric motors while improving the overall efficiency.
Specific R&D efforts in FY 2019 included (1) optimization of processing protocols and identification of the
two most promising scalable approaches for the prototyping of carbon nanomaterial-enabled UCC conductors,
(2) integration of additional Cu-CNT stack(s) on the first Cu-CNT-Cu architecture and investigation of their
influence on the electrical performance, (3) theoretical modeling to understand metal-nanocarbon interface
properties for optimized electronic/thermal transport characteristics, (5) understanding the impact of UCC
winding conductivity on traction motor performance, (6) establishing a roll-to-roll deposition capability for
applying CNTs on Cu tapes.
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Approach

Using scalable fabrication approaches, our overall approach is to couple theoretical and experimental efforts to
enable the design and reproducible assembly of CNT-Cu multilayer composites that have electrical and
thermal conductivity exceeding that of pure Cu and current Cu-CNT composites. To achieve this, two
interrelated and equally important tasks are being pursued: (1) development of controllable processing
techniques for the design and scalable, reproducible fabrication of advanced multilayer composites and (2)
theory-guided optimization for high-performance Cu-CNT multilayer composites. Figure 1.6.1 schematically
describes the process flow for producing UCC tapes, starting with formulation of stable CNT dispersions,
deposition of uniform CNT coatings using solution-based commercially viable practices, homogeneous
deposition of thin films of Cu overlayers onto CNT-coated tapes, and post-thermal treatment procedures to
produce multilayer Cu-CNT-Cu composite architectures.

Samples were characterized by scanning electron microscopy (SEM) for microstructural investigations.
Nanotube alignment was analyzed by both SEM and polarized confocal Raman spectroscopy using a Renishaw
in Via Raman microscope (Wotton-under-Edge, UK) with a linearly polarized 532 nm laser source. Cross-
sectional microstructures of samples were studied by Z-contrast scanning transmission electron microscopy
(STEM). Specimen preparation was carried out by focused ion beam methods, and STEM images were
recorded using a Nion Ultra STEM operating at 200 kV. The electrical conductivity of the new composites was
characterized in the temperature range from 4 to 400 K using a physical property measurement system
(PPMS).

Cu film deposition &
Thermal processing

Copper tape
Aligned CNTs on Cu

Cu sputtering

Copper tape
Cu-CNT Composite

Thermal Annealing‘

CNT deposition

Assembly of
Cu-CNT composite

Figure 1.6.1 Schematic illustration of the process flow for producing Cu-CNT-Cu multilayer composite tapes.

Results

Sonospray process optimization

Understanding the influence of the substrate inclination angle on CNT alignment is essential to attaining
reproducible UCC properties. Note that the techniques identified in this study are expected to result in
alignment of nanotubes with their axes parallel to the shear or flow-field direction induced between the
droplets and the Cu substrate. In the case of sonospray, shear-induced alignment originates from shearing of
the droplets containing CNTs against the inclined Cu surface. In the electrospinning approach, it is expected
that elongation of the droplets during suspension extrusion under a high voltage applied between the syringe
and the rotating collector should provide alignment of CNTs on the Cu collector. SEM and polarized Raman
spectroscopy results from sonospray samples confirmed that shear-induced alignment of CNTs can occur at all
experimentally accessible Cu tape inclination angles. Figure 1.6.2 compares and correlates the surface
morphologies and changes in the G-band intensity (from Raman spectroscopy) of three sonospray samples,
processed at different Cu tape inclination angles. Corroborating with SEM images, for all the inclination
angles studied (e.g., 5°, 15°, 30°) the Raman data show variations in the intensity of the G-band at
approximately 180° intervals, indicating alignment of CNTs along the coating direction with respect to the
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sample orientation. In addition, irrespective of the substrate inclination angle, we observed that preferential
shear-induced alignment initiates with an increase in the deposited CNT amount on the Cu surface (Figure
1.6.3). The samples coated with low CNT loading display nonuniform, random surface coverage with no
obvious alignment, whereas the ones with higher loading show alignment parallel to the flow-field direction.
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Figure 1.6.2 Scanning electron microscopy images and G-band intensity variations on single-walled CNT-coated copper
tapes at various inclination angles during ultrasonic spray coating. Inset shows a schematic of the tape inclination angle.
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Figure 1.6.3 Scanning electron microscopy images displaying the shear-induced alignment of CNTs with increased CNT
loading on copper tapes.

Prototyping of multilayered carbon nanomaterial enabled UCC conductors using a sonospray approach
Understanding the electrical properties of the composite at high temperatures is particularly important for
reliable and efficient operation of electric motors. Therefore, using PPMS, temperature-dependent electrical
properties of single-layer and multilayer Cu-CNT-Cu samples processed at relatively optimized parameters
were measured at various temperatures ranging from 0 to 125°C. Results shown in Figure 1.6.4 (left panel)
verified a reduction of electrical resistivity of >10% for a multilayer Cu-CNT-Cu (3 stacks) prototype over the
entire temperature range compared with reference pure Cu samples. However, note that this performance did
not scale linearly with the additional number of Cu-CNT stacks. That is, compared with the observed 5-6%
decrease in resistivity for the single-layer UCC composite, the decrease in resistivity of the three-layer
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counterpart was expected to exceed 15%. We think this behavior was highly dependent on the uniformity and
structural quality of each additional Cu and CNT layer. To evaluate this idea, Z-contrast STEM investigations
were conducted to analyze the cross-sectional microstructure of the select multilayer UCC samples (Figure
1.6.4, right panel). Z-contrast STEM provided detailed information related to thickness, microstructural
defects, and possible doping effects throughout the thickness of the samples. Note that the higher-Z elements
(Cu with Z = 29) appear brighter than the lower-Z elements (C with Z = 6) in this imaging mode, revealing
darker CNT layers and brighter regions of Cu. For analysis, two different UCC specimens (single-layer and 3-
layer) were prepared using focused ion beam milling. While cross-sectional images show relatively dense and
homogenous Cu coverage over the first and second CNT layers, a less dense and defective Cu microstructure
is observed on the third CNT layer, most likely degrading the electrical performance of the samples. Hence, it
was not surprising to observe a nonlinear improvement in conductivity with increasing numbers of Cu/CNT
stacks. These results underscore the importance of process optimization to obtain the best possible electrical
performance characteristics of multilayer UCC prototypes. Another notable observation was the presence of
Cu nanoparticles inside the CNT matrix (Figure 1.6.4, right panel). Cu diffused within the CNT layers either
during the sputter deposition or through the post-annealing process of the Cu and CNT layers at high
temperatures (~ 500°C), or through both. Diffusion of Cu not only is important to realize a highly percolative
conductive network throughout the entire CNT/metal matrix ensemble, but also is essential to facilitate
modification of CNTs via Cu doping. Doping mainly (1) improves transport across interparticle contacts by
reducing tunneling barriers or to provide conducting shunts around defective nonconducting regions and (2)
affects the electronic structure of CNTs through charge-transfer doping.
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Figure 1.6.4 (Left) Electrical properties of single-layer and three-layer Cu-CNT-Cu composite architectures as a function of
temperature ranging from O to 120°C, displaying reduced resistivity compared with the reference Cu substrate. (Right)
Representative Z-contrast STEM cross-sectional microstructures of single and 3-layer UCC composites using similar
processing conditions.

While metallic tubes show a constant electronic DOS around the Fermi level, there exists an energy gap for the
semiconducting tubes. However, even with a very small amount of Cu doping (e.g., 0.75 at. %), the DOS for
the semiconducting tubes peaks at the Fermi energy; and at higher doping levels (e.g., 50 at. %) the gap
disappears. This result indicated an increase in the conduction electrons and the conversion of initially
semiconducting CNTs into metallic tubes, while the metallic ones became better conductors with higher DOS
at the Fermi level (the latter data are not included in Figure 1.6.5).
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Figure 1.6.5 Energy diagram showing the density of states for metallic, semiconducting, and Cu-doped semiconducting CNTs
(left panel). Z-contrast STEM image of a Cu-CNT-Cu sample, displaying Cu nanoparticles within the CNT layer (right panel).
Inset shows the schematics of the undoped metallic, and semiconducting, and Cu-doped semiconducting CNTs used in the
first-principles density functional theory calculations.

Developing materials with improved capabilities and performance and applying them in motor design
innovations are particularly important to meet DOE ELT 2025 performance and cost targets. Hence, we
investigated the feasibility of using UCC composite tapes for the windings of traction motors. Three motor
types were studied (1) a spoke internal permanent magnet motor (IPM) with distributed winding; (2) an outer
rotor surface permanent magnet motor (SPM) with tooth winding, and (3) a slotless outer rotor SPM with
distributed winding (Figure 1.6.6). Note that, while the ferromagnetic saturation affects the former two
topologies, it does not influence the latter. It was found that the ferromagnetic saturation of the lamination
materials reduced the effectiveness of the highly conductive winding to improve the power per unit of volume.
For machine topologies that were not affected by ferromagnetic saturation, the power density improvement
reached the theoretical expectation. It was found that a UCC composite with 30% higher conductivity than Cu
could enable a 10% reduction in the active volume for conventional motors and a 12% reduction for motors for
which the magnetic saturation is not an issue (Figure 1.6.7). However, it is worth noting that the volume
reduction was lower than the theoretical expectation because of the magnetic saturation effect in the steel. In
both cases, highly conductive winding materials can also provide other important benefits, such as reduced PM
material usage, that can lead to significant cost reductions as well as overall improvement in the efficiency by
extending the high efficiency operating area into light loads and high speeds.
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Figure 1.6.6 Cross-sectional schematic illustration of the three topologies of heavy rare-earth-free permanent magnet
traction motors.
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Figure 1.6.7 Reduction in active volume as a function of winding conductivity for different motor topologies.

As a part of the UCC development efforts, we recently integrated roll-to-roll processing capability with the
sonospray equipment to enable scalable deposition of CNTs and produce long pieces (=1 m) of UCC
composites for commercial testing and optimization. For this, we designed and assembled a compact tape
handling system that includes a radiant heater, for roll-to-roll multi-coat CNT deposition on 0.50 in. wide and
up to 25 ft long Cu tapes (Figure 1.1.6.8). To facilitate CNT alignment, the spray angle can be varied by
adjusting the idler spool. The radiant heater continuously cures the CNT coating and enables multi-coat
deposition. The tape speed can be varied from 0.5 mm/sec to 100 mm/sec. Long-length prototyping has been
started.
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Figure 1.6.8 Photograph of the newly designed roll-to-roll CNT deposition system.

Conclusions

Advanced materials with higher electrical conductivity are needed to increase power density and reduce cost
while improving the performance and reliability of electric motors. Under this multiyear project, using
scalable, cost-effective, and commercially viable processing methods, we have demonstrated the feasibility of
a novel materials/computational modeling platform that can facilitate the design and fabrication of advanced
UCC materials for a broad range of industrial applications. The benefits that will be gained from this research
can lead to high-efficiency, high-density, reduced-volume/weight electric motors beyond the limits of what is
achievable today. Specific accomplishments include (1) identified the viability of two scalable processing
techniques for CNT deposition—sonospray and electrospinning; (2) demonstrated that theoretical modeling
can support experimental efforts; (3) analyzed the influence of the CNT interface on the in-plane thermal
transport properties; (4) integrated additional Cu-CNT layers on the first Cu-CNT-Cu architecture, performed
electrical characterizations, and demonstrated improved conductivity compared with the reference pure Cu; (5)
evaluated the impact of UCC winding conductivity on various traction motor topologies. Because of the
multistep processing and the associated parameter space for producing UCC tapes, future work will involve the
optimization of processing protocols and provisions to attain reproducible results along with the highest
possible performance characteristics. Future efforts will also include the production of long-length UCC
composites and computational feasibility studies to support the integration of UCCs in electric drive
components.
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1. Tolga Aytug, “Ultra-Conducting Copper,” presented at the 2019 DOE Vehicle Technologies Office
Annual Merit Review, June 2017, Washington, DC.

2. T. Raminosoa and T. Aytug, “Impact of Ultra-Conducting Winding on the Power Density and
Performance of Non-Heavy Rare Earth Traction Motors,” IEEE International Electric Machines and
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Project Introduction

This project is part of a multi-lab consortium that leverages U.S. research expertise and facilities at National
Labs and universities to significantly advance electric drive power density and reliability, while simultaneously
reducing cost. The final objective of the consortium is to develop a 100 kW traction drive system that achieves
33 kW/L, has an operational life of 300,000 miles, and a cost of less than $6/kW. One element of the system is
a 100 kW inverter with a power density of 100 kW/L and a cost of $2.7/kW. New materials such as wide-
bandgap semiconductors, soft magnetic materials, and ceramic dielectrics, integrated using multi-objective co-
optimization design techniques, will be utilized to achieve these program goals. This project focuses on a
subset of the power electronics work within the consortium, specifically the evaluation of wide-bandgap power
semiconductor devices (primarily SiC) as well as passive elements (primarily ceramic capacitors).

Objectives

Silicon Carbide (SiC) is a wide-bandgap (WBG) semiconductor that has matured to the point where power
electronic devices are now commercially available. However, it remains to be seen whether such devices can
be used to construct a power converter (inverter) that meets the consortium’s goals for performance and
reliability. As such, in collaboration with consortium partners (other National Labs as well as universities), this
project is focused on the performance and reliability evaluation of these devices. Additionally, the passive
elements within power electronic converters must be concurrently developed and evaluated to ensure that the
performance promised by SiC can be realized in a real converter, and this project addresses that need as well.
Note that another WBG semiconductor, Gallium Nitride (GaN), is addressed under a different project under
the consortium. Similarly, magnetic materials, which are likewise critical to the performance of WBG-based
power converters as well as electric motors, are addressed under a different project. Details regarding SiC
device and capacitor testing, as well as the test circuit developed to perform this work, are described below.

SiC Testing

WBG semiconductors will be necessary to achieve the performance targets of the inverter, and the most mature
WBG semiconductor (SiC) will be used extensively the near future to achieve advances in electric drive
technology. In conjunction with university partners, state-of-the-art SiC devices (switches and diodes) will be
evaluated. Further, a strong focus will be placed on design for reliability, which to date has often been traded
for high performance and low cost. While the latter two attributes are necessary for automotive applications,
reliability is also of paramount importance. Thus, designs that meet all three criteria specific to the traction
drive inverter of interest will be created, and devices based on these designs will be fabricated. In conjunction
with NREL and ORNL, these devices will then be incorporated into power modules featuring advanced
thermal management and minimized electrical parasitics to meet the performance goals of the program.
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Capacitor Testing

Passive components (inductors and capacitors) are also of high importance to the overall consortium metrics.
Ceramic dielectric capacitors are preferred because of their high energy density and reliability. However,
achieving high performance and long lifetime at elevated temperatures has proven elusive for ceramic
dielectrics. Instead of addressing this deficiency through alterations in material composition (which have not
yet proven fruitful), an innovative bipolar switching strategy to periodically clear a build-up of oxygen
vacancies at electrode surfaces has been implemented. This allows for ceramic dielectrics to exhibit long
lifetime at high temperature. The dynamics of this strategy will be explored and optimized through the design
and fabrication of a large-scale testbed for capacitor degradation evaluation.

WBG Device Test Circuit

In order to evaluate fabricated devices within the consortium (including the SiC active devices and ceramic
capacitors described herein, and also GaN devices and inductors), Sandia has designed an advanced
component test-bed that reproduces the functionality of an end-use vehicle inverter that is consistent with the
consortium’s targets. This allows for analysis of device performance and reliability under realistic scenarios.
Once fabricated devices ae available, the realistic evaluation of the operation of devices in the test-bed will be
used by device designers to identify performance or reliability issues before incorporation into a high-power,
high-density consortium exemplar inverter. Additionally, the test-bed provides validation opportunities for the
development of realistic device models under varied usage scenarios for incorporation into system topology
optimization.

Approach

SiC Testing

Sandia has been consulting with consortium university partners (primarily OSU and SUNY) and providing
feedback on device designs and testing. Design criteria have focused on field-shaping within SiC devices
through the design of the junction termination extension (JTE), as well as evaluating current commercial SiC
devices for reliability. Pending the completion of the test circuit and receipt of devices from the university
partners, evaluation of SiC devices will be carried out in the testbed.

Capacitor Testing

In order to reduce costs, ceramic capacitors are typically i
fabricated using base-metal electrodes such as Ni [1]. During the v v O QQO Q
fabrication process, these require a reducing environment during ) - ;
sintering to avoid oxidation. An unintended side-effect of this L i n i
reducing environment is that oxygen vacancies are created in the - Q O/ Q
ceramic material [2]. As with any charged species, these i'ﬁ'ﬁ'm&i?ﬁ?i?i’ﬁ? Owo o
vacancies will migrate under an applied voltage and preferentially = ME:WQ

collect at the electrode/dielectric interface (see Figure 1.1.7.1). Vo Q O
This gettering of defects results in a loss of insulation resistance Q™ .O'
and an increase in the DC leakage of the capacitor, which M
negatively affects the performance of the power electronics [3].

Furthermore, this leakage will increase operational temperature, Figure 1.7.1 Oxygen vacancy migration under
resulting in quicker diffusion of vacancies. This process is a applied bias can lead to degradation of
positive feedback loop that leads to an accelerating failure ceramic capacitors.

mechanism.

The conventional wisdom for increasing capacitor reliability is to alter the fabrication process or materials
properties of the capacitor. This is a long, complicated process that requires significant cost and effort to
achieve. Instead of altering the capacitor properties, we are investigating the ability to heal capacitors
periodically via reverse biasing. This reverse biasing should allow for re-distribution of oxygen vacancies to
lengthen the lifetime of the component. To evaluate this mechanism, we propose a method of altering the
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typical DC-field highly accelerated lifetime tests on the capacitor to an AC field variety. This reversing electric
field can limit the transport of oxygen vacancies.

Test Circuit

Fabrication of new laboratory-scale devices can be beset Fabricate Device

with many reliability and performance challenges that are / ‘\

not present in commercialized devices. In order to move Evaluate in test-bed Design Next Device Iteration

forward to a next generation of prototype device, it is \>

necessary to understand its strengths and weaknesses in ) Simulate Full

an appropriate end-use testbed. This testbed must deliver ::;e;;':::“""""am System Operation

realistic stresses on the device that it will see in field use, s N j

but at a lower stress level than would be experienced in Device Models

the field. By having realistic usage data available to

device designers and fabricators, the process of Figure 1.7.2 The evaluation of prototype devices in a

developing a device can be accelerated and weaknesses custom testbed can inform both device designers on the
. R . strengths/weaknesses of their prototypes, as well as

of past devices can be addressed quickly in future validate device models for simulation.

generations (Figure 1.7.2).

In order to evaluate fabricated devices in the consortium, SNL is developing a scaled motor drive test-bed that
can be tailored to prototype devices (both in voltage and current stress delivered) while still applying realistic
end-use stress profiles that the device will see when mature. In order to carry this out, a 3-phase DC motor
drive was designed (Figure 1.7.3). This design is split into two sections, a control section and a power stage
section. The control section applies a realistic PWM profile to the device using an embedded microcontroller
specifically for motor drive applications. The three-phase power stage contains a single stage that is daughter-
carded. This daughter card can be quickly removed and replaced with a card containing new device types. By
daughter-carding the entire stage, parasitic inductance is kept commensurate with the other two stages to
minimize asymmetric operation and get a better view of the device performance.

Prototype Motor Controller Component Testbed Design

= Microcontraller ITAG control port

- e ———1— MISP430F5529 microcontroller
T User input: 16 character keypad

—e = R G ——— = User feedback: 4x20 character display

~ Thres phase motor controller

-+ SiC half-bridge motor drive circuit

+= Test component swap-in location

Figure 1.7.3 Schematic for WBG device testbed with embedded motor control.

Results

SiC Testing
As discussed above, testing of SiC power devices is awaiting the receipt of consortium-fabricated devices as
well as the completion of the motor-drive testbed.
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SNL carried out preliminary bipolar switching
testing on commercially available X7R capacitors. A
DC bias of 10x the rated voltage was applied at a
temperature 125°C above the rated temperature.
These voltage and temperature levels are
characteristic of highly-accelerated DC life tests for
capacitors. The leakage current of the devices was
monitored at DC bias (no switching) and bipolar
operation with switching frequencies of 0.1 and 2.5
Hz. These preliminary results (subset shown in
Figure 1.7.4) show that bipolar switching can result
in significantly increased time-to-failure for ceramic
capacitors. The 2.5 Hz bipolar switching scheme
(blue trace) demonstrated a ~4x lifetime increase
compared to the DC voltage stress (black trace).
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Figure 1.7.4 The lifetime of DC capacitors can be increased
through the implementation of a bipolar switching scheme.
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Figure 1.7.5 Design layout for capacitor test setup which allows for stress and
evaluation of a population of 40 capacitors under bipolar switching.

While this initial testing shows promise, further work is needed both to elucidate the exact mechanisms for this
bipolar switching and evaluate if the effect is large enough for real-world practical application. The necessary
frequency of healing procedures should decrease significantly at less accelerated conditions. Larger sample
sets are required to both obtain Weibull statistics and, simultaneously, explore changes in MTTF within a wide
temp/field/frequency space. To accomplish this, a test setup with more flexibility for application of stress (both
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voltage and temperature) and large sample population is needed. SNL has been in the process of designing this
second-generation test setup for bipolar capacitor switching (Figure 1.7.5).

This test setup will be able to carry out a stress-and-measure protocol for a population of 40 capacitors. The
system is divided into two buses, one for stressing and one for measurement. Each of the DUTs are divided
into 5-10 groups and one group may be measured while the rest can be stressed. Failed DUTs will be detected
by a combination of voltage/current monitoring and power supply compliance monitoring. Upon a DUT
failure, the DUT will be identified during the measurement sequence, then isolated. All cycle times between
stress and measure are user-controllable with a maximum temperature of 300°C (with 25°C/min ramp rate) and
a voltage stress of 600 V (2.6 A/1.5 kW).

The design review of this test setup has been completed and fabrication and procurement of the bill of
materials is underway.

Test Circuit

The motor drive test circuit has been fabricated on a breadboard to ensure correct functionality before the PCB
design files are sent to a fabrication house. Figure 1.7.6 shows the as-fabricated power stage board and
daughter-card (left) as well as the embedded motor control with user input (right).

Figure 1.7.6 Breadboard of 3-phase DC motor drive power stage (left) and embedded controller (right).

The motor drive power stage and controller were tested to ensure correct functionality. Power was supplied by
a 1000 V, 10 A DC power supply and a three-phase controllable load was placed on the drive output. The
board functioned correctly up to a level of 200 V (see Figure 1.7.7). At this level, the load consumed 7.5 A
(1500 W or ~2 HP), the temperature of the discrete gate driver (without heat-sinking) rose to 105°C, and the
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power switches (also without heat-sinking) rose to 80°C. In a full PCB-fabricated setup with surface-mount
parts and proper heat-sinking, there should be no issues achieving the ~1000 V DC bias level.

Figure I.7.7 (left) Thermal image of one leg of the power stage showing the temperature of power switches (centered at the
crosshairs) and gate driver (just below the crosshairs) at 200 V and 7.5 A. (right) Gate drive signaling at 200V and 7.5 A.

Conclusions

During FY'19, we have demonstrated the ability of a bipolar switching scheme to improve ceramic capacitor
lifetime. This proof-of-concept result is being expanded through the fabrication of a test setup that will allow
for testing of a large population of capacitors (40) under a variety of temperature and voltage stresses and
bipolar switching profiles. This will allow for full characterization of the activation energy for oxygen vacancy
migration as a function of voltage/temperature as well as the efficacy of different bipolar switching profiles.
Such information will allow for incorporation of ceramic capacitors with bipolar switching into an electric
traction drive.

Additionally, in FY19 a three-phase motor drive component test-bed was fabricated. This test-bed allows for
the application of realistic operational stress to prototype devices fabricated within the consortium. A
preliminary breadboard of the circuit has been fabricated and tested to ensure operation. A fully-integrated
version is being constructed and will be used to test both SiC and GaN devices fabricated by Sandia as well as
consortium partners.
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Project Introduction

In order to meet 2025 goals for enhanced peak power (100 kW), specific power (50kW/L), and reduced cost
(3.3 $/kW) in a motor that operates at >20,000 rpm, improved soft magnetic materials must be developed.
Additionally, improved soft magnetic materials will enable high performance motors that do not rely on rare
earth materials. In fact, replacement of permanent magnets with soft magnet materials was highlighted in the
Electrical and Electronics Technical Team (EETT) Roadmap [1] as a potential R&D pathway for meeting 2025
targets. At the higher targeted rotational speeds, eddy current losses in conventional soft magnetic materials,
such as silicon steel, will begin to significantly decrease motor efficiency. One possible solution is to use soft
magnetic composites (SMCs), which combine magnetic particles with an insulating matrix to increase
electrical resistivity (p) and decrease eddy current losses, even at higher operating frequencies (or rotational
speeds). Currently, SMCs are being fabricated with values of p ranging between 10~ to 10! pohm-m [2],
which is significantly higher than 3% silicon steel (~ 0.5 pohm-m) [3]. Additionally, the isotropic nature of
SMCs is ideally suited for motors with 3D flux paths. Furthermore, the manufacturing cost of SMCs is low and
they are highly amenable to advanced manufacturing and net-shaping into complex geometries, which would
significantly reduce or eliminate manufacturing costs. However, there is still significant room for advancement
in SMCs, which will allow for improved performance in electrical machines. For example, despite the
inclusion of non-magnetic insulating material, their electrical resistivities are still far below that of ferrites (10
— 10® pohm-m).

In this project, we are developing SMCs from the bottom up, with a final objective of creating composites with
high volume loading (and therefore high saturation magnetization) while increasing the value of p several
orders of magnitude over the current state-of-the-art in SMCs. We are accomplishing our goals by starting with
particles of the y’-Fe4N phase of iron nitride, which has a saturation magnetic polarization (Js) slightly greater
than Si steel (1.89 T) [4] and a p of ~ 2 pohm-m [5]. In our bottom-up approach we begin by coating the
magnetic particles with a diamine, which can chemically react directly with epoxide terminated monomers and
form a cross-linked epoxy composite. This “matrix-free” approach to composite formation will not suffer from
the same nanoparticle aggregation and phase separation effects commonly observed in conventional
nanocomposites [6]. Furthermore, it should ensure better separation between magnetic particles and
significantly reduce or eliminate inter-particle eddy currents. There is already an established precedent for the
use of epoxies in electrical machine construction [7],[8]. Also, it is possible to design epoxy systems with glass
transition temperatures (Tg) well in excess of the target motor operating temperature of 150°C [9].
Furthermore, composites have been successfully demonstrated in high-speed motors [10] and even flywheels
rotating at speeds up to 60,000 rpm [11].
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Objectives

The project objective is to develop high-magnetization, low-loss iron-nitride-based soft magnetic composites
for electrical machines. These new SMCs will enable low eddy current losses and therefore efficient motor
operation at rotational speeds up to 20,000 rpm. Additionally, our iron nitride and epoxy composites will be
capable of operating at temperatures of 150°C or higher over a lifetime of 300,000 miles or 15 years.

Approach
A high-level overview of our approach is:

1. Convert commercially available mixed-phase iron nitride powder to nearly phase-pure y’-FesN
2. Coat iron nitride particles with diamine molecules (part A of epoxy chemistry)

3. Combine surface functionalized particles with epoxide terminated monomers (part B of epoxy
chemistry)

4. Fabricate SMC part by pouring mixture from #3 into a mold. In future years of the project, hot
pressing can be used to increase the volume loading of the magnetic particles.

5. Evaluate and test the fabricated SMC part.

Each of these steps involves many possible optimization steps such as processing conditions, epoxy monomer
selection and curing conditions, and hot-pressing conditions.

Results

1. Production of phase-pure y-FesN

We demonstrated the conversion of mixed-phase commercially available iron nitride powder to nearly phase-
pure y’-FesN. Our starting material was commercially available iron nitride powder, acquired from Alfa Aesar.
This commercial iron nitride powder is a mixture of both Fe;N and FesN. We developed a straightforward heat
treatment to convert almost all of the FesN phase to the higher Js FesN at a temperature slightly above 550°C,
conducted in an inert atmosphere. Temperature-dependent X-ray diffraction (XRD) data of this process,
collected under flowing nitrogen, is displayed in Figure 1.8.1. This data shows that at a temperature slightly
above 550°C the diffraction peaks associated with the F3N disappear, leaving nearly phase-pure FesN.
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Figure 1.8.1 Temperature-dependent XRD data of commercially available mixed phase iron nitride powder and its
conversion to nearly phase pure FeaN.
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2. Coating of Iron Nitride Particles and Composite Formation

To fabricate iron-nitride-based magnetic composites, iron nitride powder and 1,6-hexanediamine (see Figure
1.8.2) were added to a SPEX high-energy ball mill and were milled until the particles were coated by the
diamine, as confirmed by infrared (IR) spectroscopy. Next, the diamine coated particles were mixed with one
of a number of different epoxides: neopentyl glycol diglycidyl ether (which has two epoxide groups);
trimethylpropane triglycidyl ether (three epoxide groups); or N,N-diglycidyl-4-glycidyloxyaniline (3 epoxide
groups). For the sake of brevity, only an image of N, N-diglycidyl-4-glycidyloxyaniline is displayed (see Figure
1.8.3). After mixing the amine functionalized particles with one of the three epoxide-terminated monomers
listed above, the mixture was poured into a mold and cured. We fabricated a 3D-printed toroidal mold (9 mm
0.D.) for this project. The toroidal geometry is ideal for characterization on our Iwatsu B-H analyzer.

All three epoxide-terminated monomers formed suitable epoxy-based composites. The collection of additional
data in the upcoming fiscal year (T, mechanical strength, thermal conductivity, and p) will allow us to down-
select to the epoxide-terminated monomer that yields the best properties for electric motor implementation. An
image of three cured magnetic composite cores wound for B-H analysis is shown in Figure 1.8.4. A B-H loop
collected at 10 kHz for a magnetic composite toroid is displayed in Figure 1.8.5. We fully expect that magnetic
properties will be significantly enhanced in the future as we optimize processing conditions and volume
loading of the magnetic particles.
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Figure 1.8.2 1,6-hexanediamine.
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Figure 1.8.3 N,N-diglycidyl-4-glycidyloxyaniline.

Figure 1.8.4 Magnetic composite toroidal cores wound for B-H analysis.
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Figure 1.8.5 B-H hysteresis loop for a magnetic composite toroid. This hysteresis loop was collected at a frequency of 10
kHz.

3. Magnetic Composite Rotor Fabrication

We fabricated portions of a rotor design from Oak Ridge National Lab (ORNL) via two different methods.
First, a commercially available magnetic composite filament (purchased from Proto-pasta) was used to 3D
print a portion of Oak Ridge’s rotor design (see Figure 1.8.6). Manufacturing this part serves as a
demonstration of our capability to 3D-print magnetic parts for both electric drive power electronics and
motors. Although this first 3D-printed rotor part used a commercially available magnetic filament, we are
developing our own high magnetization magnetic composite filament. To this end we have purchased,
assembled, and tested a Filastruder and Filawinder, which will allow us to create printable magnetic composite
filaments using iron nitride particles and any suitable polymer of our choice. This will be an important
capability both for the fabrication of inductors for power electronics and soft magnetic motor components.

Figure 1.8.6 3D printed magnetic composite rotor (1/6 of total rotor design).

Second, an iron nitride and epoxy composite was prepared, mixed (as described above), and poured into a
silicone mold for curing. In curing these larger epoxy-based composites, it was discovered that 1,6-
hexanediamine reacted too vigorously with the epoxide monomers and led to an exothermic cure. This resulted
in excessive heating of the curing epoxy. We switched from using 1,6-hexanediamine to 4-aminophenyl
sulfone (see Figure 1.8.7) which cures more slowly and does not result in an overly aggressive exothermic
cure. In fact, when 4-aminophenyl sulfone is used as the diamine, the uncured epoxy mixture must be heated to
a temperature of 130°C to initiate the curing process. We incrementally increased the size of the parts we were
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fabricating in order to ensure we were controlling the curing process adequately, gradually approaching a full-
sized rotor tooth. An image of three different sized magnetic composite rotor teeth, along with a composite
toroid, is displayed in Figure 1.8.8.
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Figure 1.8.7 4-aminophenyl sulfone.

Figure 1.8.8 Three differently-sized magnetic composite rotor teeth and a magnetic composite toroid.

Conclusions

During FY19, we successfully demonstrated the fabrication of iron nitride (y’-FesN) based magnetic composite
parts for electric motors. These parts will also be suitable as inductor cores for electric drive power electronics.
Custom epoxy chemistries were selected, evaluated, and used to fabricate magnetic composite toroids and
rotors. Additionally, we demonstrated the capability of not only fabricating complex shapes using molds but
also via 3D printing. We expect this capability to be particularly fruitful in the fabrication of inductor cores for
power electronics. Future work will focus on improving processing conditions and magnetic material volume
loading in the fabrication of magnetic composites to enhance magnetic performance for motor and power
electronic applications.
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Project Introduction

This project is intended to support the development of new traction drive systems that meet the targets of 100
kWV/L for power electronics and 50 kW/L for electric machines with reliable operation to 300,000 miles. To
meet these goals, new designs must be identified that make use of state-of-the-art and next-generation
electronic materials and design methods. Designs must exploit synergies between components, for example
converters designed for high-frequency switching using wide band gap devices and ceramic capacitors. This
project includes: (1) a survey of available technologies, (2) the development of design tools that consider the
converter volume and performance, and (3) exercising the design software to evaluate performance gaps and
predict the impact of certain technologies and design approaches, i.e., GaN semiconductors, ceramic
capacitors, and select topologies. Early instantiations of the design tools enable co-optimization of the power
module and passive elements and provide some design guidance; later instantiations will enable the co-
optimization of inverter and machine.

Objectives
o Identify performance measures corresponding to consortium design targets

e Develop metrics for performance/reliability of power electronics and electric motors
e Evaluate reliability/performance of state-of-the-art power devices and identify gaps
e Evaluate state-of-the-art/baseline traction drive system
e Utilize optimization tools to inform designs

o Identify co-optimized designs

o Evaluate parameter sensitivities and identify target specifications

Approach

The approach includes four strategies for generating design guidance and optimal designs, listed in order of
increased fidelity and resources:

1. Empirical and First-Principles Analysis: This uses first-principles knowledge, such as physical
models, as well as comparative designs to inform the design.

2. High-Fidelity Modeling and Analysis: This uses higher-order models that consider the component
equivalent circuits, dimensions, reliability calculations, etc.
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3. Global Co-Optimization: With the definition of one or more performance metrics, components are
simulated together and their performance is measured and compared.

4. Hardware Iteration: Using optimal designs identified in software, hardware exemplars are built and
evaluated; 3 and 4 are iterated to create the best results.

In FY19, the project focused on the first three strategies. Strategy 1 entailed an extensive literature search and
the use of first principles to define metrics and down-select the design space. Models were then created for
select components, and co-optimization software was developed to identify Pareto-optimal designs. Hardware
iteration will begin in FY20.

For co-optimization, the team used the Genetic Optimization System Engineering Tool (GOSET) developed by
Purdue University [1]. This MATLAB®-based software package consists of several scripts for implementing
and solving a genetic algorithm optimization problem. The genetic algorithm is a probabilistic method for
optimizing multi-input systems with non-convex solution spaces using the principles of genetics and a user-
defined fitness function. GOSET allows for multiple fitness functions to be co-optimized into a Pareto front.
To set up the optimization, the circuit schematic and physical layout must be partially defined, and the
dimensions of and between components, thicknesses of insulators, lengths of conductors, etc. must be
formulated and linked to the schematic definition in order to compute a volume and evaluate the circuit/system
performance using a dynamic simulation. In FY'19, optimization efforts focused on the electric drive; future
efforts will seek to merge the models with those of the machine currently being developed at Purdue, to enable
co-optimization.

Results

Performance Measures/Targets

The targets indicate a 100 kW/L power density for the electric drive and 50 kW/L for the machine. Though this
project will primarily rely on optimization to select the actual component dimensions, it is convenient to
generate initial targets for component volumes for down-select. Using the U.S. Drive 2017 Roadmap,
component volumes were estimated for the BMW i3 and interpolated to these new targets. These include, for
example, a volume target for the power module + DC link capacitor of < 175 cm?.

To clarify the reliability metrics in terms of what can be measured and validated through laboratory
measurements and lifetime models, the DOE Targets were mapped to performance criteria based on recent
driving statistics as follows:

e Establish a range of 300,000 miles (DOE target); assuming 13,456 miles/year average [2] and 435
hours/year in vehicle [3], this becomes 22.3 years reliability (roadmap indicates 15 years), and 9702
hours of operation

e Process approximately 102 MWh [4] over 300,000-mile lifetime

Many reliability metrics were considered for integration into the co-optimization code. In general, reliability
models can range from highly specific failure-based mechanisms that rely on models of physical process to
reproduce lifetime, to more statistical measures. Failure-based mechanisms are the most realistic, but only
apply for a specific failure mechanism in a specific component. Statistical-based methods, on the other hand,
do not rely on a given failure mechanism, but on the aggregate behavior of many competing failure
mechanisms in a large population of devices. These types of statistics typically give information on mean time
between failure (MTBF). This, in itself, is a statistical measure of the reliability of an aggregation of devices
and gives an idea of the “useful life” of a device but does not predict end-of-life. For example, a statistical
measurement may give an MTBF reliability of 100,000 hours for a system. This does not mean that any given
system may have a lifetime of 100,000 hours, but that one expects an average failure rate of 1 per hour per
100,000 devices. In light of this, and in order to balance the tractability of the calculation needed for
optimization and accuracy, we chose to incorporate MIL-HDBK-217F calculations [5]. This statistical measure
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of MTBF is simple, conservative, and specifically designed for high-reliability systems, but is not as accurate
as other methods (physics-of-failure, telecordia, etc.) For every component, a 217F-style calculation takes the
generic form of: A = n - A,y

where A is the failure rate, n is the number of units in the system, 4, is the base failure rate, 77 is the
temperature factor, ma is the electrical stress factor, nqg is the quality factor, and ng is the environmental factor.
Each factor can be determined either through look-up tables in the handbook or via calculations based on
physical phenomena.

Design Space

The inverter design space includes the selection of semiconductor material, the capacitor technology, circuit
topology, and layout scheme. As part of this effort, the feasibility of using Gallium Nitride (GaN) devices for
the drive train was investigated. In [6], an empirical analysis predicts that GaN-based converters can realize an
improvement in power density over SiC-based converters by approximately 2x. GaN is already being
considered for charging applications [7]. However, in [8], a genetic optimization of a converter + machine
design showed only marginal gains in specific power with GaN compared to SiC. However, the circuit in [8]
contained a passive rectifier with six GaN PiN diodes operating at low frequency, and the higher turn-on
voltage (and hence loss) of these diodes drove up the circuit volume. Thus, to predict the impact of vertical
GaN Junction Barrier Schottky (JBS) diodes (in development within the consortium), a comparative analysis
presented in [9] was applied to compare optimally-designed GaN PiN, GaN JBS and SiC Merged PiN
Schottky (MPS) diodes under operating conditions for the vehicle environment. Figure 1.9.1 illustrates the
difference in predicted power loss in vertical GaN JBS diodes compared to SiC MPS diodes for a 50% duty
cycle. In fact, at relevant voltages and frequencies, GaN JBS diodes show a considerable advantage over SiC
MPS diodes, with about 1/3 the electrical loss. Likewise, for a vertical FET device, assuming a fixed device
structure (for comparison), the predicted Ron was computed as a function of breakdown voltage for devices
based on Silicon, SiC, and GaN (see Figure 1.9.2). Therein, Ro, for the GaN device is approximately ' that of
the SiC device. Based on these results, vertical GaN technology may provide significant gains over SiC at
higher voltage and frequency. Further work is ongoing for a full switching-based device loss analysis.
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Figure 1.9.1 Comparison of power loss in SiC MPS, GaN PiN, and GaN JBS diodes showing (left) preferred device as a
function of voltage and frequency at 50% duty cycle, and (right) the comparison of loss at 650 V, 50% duty cycle
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Figure 1.9.2 Comparison of Ron in MOSFETs made in Silicon, SiC, and GaN showing (left) the device structure and (right) the
predicted results.

Topologies and Capacitor Technologies

Several converter topologies were considered including the combined DC-DC& DC-AC architecture identified
in [10] as well as multi-phase topologies [11], and more exotic configurations [12]. Given the higher projected
available battery voltage, the team focused on direct-connect DC-AC (no DC-DC boost). Due to the beneficial
effect of additional phases on required dc-link capacitance and dc-link capacitor current ripple [11], the team
focused our design on the multi-phase topology. Figure 1.9.3 shows the selected circuit topology used in the
co-optimization problem consisting of a multi-phase inverter, DC-link capacitor, input inductor, and multiple
parasitic terms which vary with component selection and layout. The design parameters included in the
optimization are the battery open-circuit voltage V;,,, the input inductance L;,, the link capacitance Cj;,, the
number of phases N, the switching frequency f,,, the fundamental frequency of the output voltage w,., and
the AC filter inductance Ly, resistance Ry, and capacitance Cr. A MATLAB® script was developed that took
these parameters, solved a set of differential equations for the circuit, and then post-processed the behavior of
the voltages and currents in the circuit to determine the volume and losses of the design as well as the voltage
and power loss in specified components. The form factor selected for the principal converter elements is shown
in Figure 1.9.4. Therein, the module with the devices, conductors, and flat capacitor assembly are packaged
together. This form factor was used as a basis for the dimensional analysis. This approach has several
advantages discussed in [13].

@, P Co Ly R,

Figure 1.9.3 Circuit topology for co-optimization.
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Figure 1.9.4 Candidate design considers a flat integrated form factor that includes module and DC link capacitor.

Using these dimensional models and different capacitor technologies, initial estimated sizes for the module +
capacitor were generated as a function of voltage, frequency, capacitor type, and number of phases. See Figure
1.9.5, left panel. When checked against the target volume, this estimate aids in the identification of the
achievable design space; see Figure 1.9.5, right panel for designs complying with 175 mL volume. Additional
factors must be considered, however. For example, the Ceralink capacitors indicate a high energy density and a
favorable C-V characteristic, but this is achieved at very high field strengths which may impact their
reliability. Reliability considerations are factored into the design within the optimization.
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Figure 1.9.5 Module volume estimate as a function of voltage and frequency for Ceramic X7R and Ceralink Capacitors.

Machine Design

Highly desirable features of electric vehicle drive motors are high starting torque, high power density, and high
efficiency over the full operating range. These requirements place significant limits on motor type as well as
the materials used in their construction. Using hard permanent magnet materials in the motor construction is
the current preferred approach to addressing volume and weight requirements. NdFeB magnets offer the
highest residual induction, coercive force, and energy product compared to Ferrites, AINiCo, and SmCo.
NdFeB magnets, however, do pose potential supply-chain issues necessitating new magnetic materials and
motor designs. Recently, motors based on different magnetic materials have been compared based on machine
constant of mechanical power [14] (MCMP is defined as Pmecn/[motor volume] x [rotor frequency in Hz])
which gives a measure of potential output mechanical power. The comparison includes both prototypes and
simulation data. While NdFeB-based IPMSM demonstrate ~0.9 kWs/L of MCMP with 96% efficiency,
various ferrite-based PMSMs also show performance approaching this limit with MCMP ranging from 0.7-0.8
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kWs/L with an efficiency range of 93-97% with rotor speeds ranging from 1500-2800 rpm. Taking rotor speed
into account, these motors provide 20-40 kW/L. For comparison, the BMW i3 was evaluated to be 9.2 kW/L
with a top speed of 11.5 krpm. To meet DOE targets (50 kW/L) while eliminating permanent magnets, the
team plans to consider new homopolar motor designs, which establish a rotor field using a static field winding
and may achieve speeds > 20 krpm. Next year’s work will include a collaborative effort with Purdue
University; Purdue is developing design codes for the homopolar machine and is investigating the feasibility of
meeting the DOE targets using this approach.

Co-Optimization

Two co-optimization examples are presented here. The first considers a simple bi-directional 10 kW boost
converter, like one that might connect a battery to an inverter. Therein, the converter was optimized for DC
link capacitor MTBF versus converter volume. Results are shown in Figure 1.9.6. The optimization pulls the
solutions to the upper left of the trade-space, showing a clear trade-off between reliability and size. The second
optimization was performed on a 100 kW inverter (Figure 1.9.3 and Figure 1.9.4) module and DC link capacitor
(no thermal management) with the parameters noted above. The genetic optimization algorithm was run on a
population of 50 individuals in this parameter space over 100 generations with fitness functions to maximize
the power density of the module + link capacitor size and minimize loss. There was also a constraint placed on
the maximum RMS of the DC bus voltage ripple. The resulting Pareto front is shown to the right in Figure
1.9.6. The genetic optimization pulls all the individuals towards the lower right. Examining the parameter
values for the individuals on the Pareto front shows a tendency of the individuals to have a 450 V input, 9
phases, and over 250 kHz switching. Since only the volumes of the capacitor and module were considered in
the optimization, voltage was minimized to minimize the number of capacitors needed to stand off the voltage.
After adding the magnetics and thermal management components to the model, solutions with higher DC-link
voltage are expected.
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Figure 1.9.6 Co-optimization results for (left) 10 kW boost converter and (right) 200 kW inverter module + capacitor.

Conclusions

This project first focused on down-selecting the design space for future traction drive systems; combined, the
use of GaN devices, ceramic capacitors, high-frequency switching, and multi-phase designs may enable
considerable improvements in power density. This work also developed tools to perform multi-objective
optimizations on electric drive designs. Unlike previous work, these include optimizations that consider
component reliability. Future work will refine these tools and extend their use to co-optimize the inverter and
machine designs.
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Project Introduction

This project is part of a multi-lab consortium that leverages U.S. research expertise and facilities at National
Labs and universities to significantly advance electric drive power density and reliability, while simultaneously
reducing cost. The final objective of the consortium is to develop a 100 kW traction drive system that achieves
33 kW/L, has an operational life of 300,000 miles, and a cost of less than $6/kW. One element of the system is
a 100 kW inverter with a power density of 100 kW/L and a cost of $2.7/kW. New materials such as wide-
bandgap semiconductors, soft magnetic materials, and ceramic dielectrics, integrated using multi-objective co-
optimization design techniques, will be utilized to achieve these program goals. This project focuses on a
subset of the power electronics work within the consortium, specifically the design, fabrication, and evaluation
of vertical GaN power devices suitable for automotive applications.

Objectives

Gallium Nitride (GaN) is a promising wide-bandgap (WBGQG)
semiconductor material that could enable higher-performance power
electronic devices than traditional Silicon (Si) or even its WBG
counterpart, Silicon Carbide (SiC). This is based on the increased
critical electric field of GaN, which would enable lower-resistance
devices with the same hold-off voltage as devices fabricated from the
other materials. This is a key performance metric for power devices.
While laterally-oriented, High Electron Mobility Transistors
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discourages their use in some power-switching circuits due to the loss

of power conversion efficiency resulting from this high turn-on
voltage. Instead, more promising candidates for these power
conversion systems, including automotive inverters, are GaN Schottky
barrier diodes (SBDs) and Junction Barrier Schottky (JBS) diodes,

Figure 1.10.1 (top) Schematic drawing of
JBS diode. (bottom) Schematic drawing of
Trench MOSFET.
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shown in Figure 1.10.1(top), which have turn on voltages of ~1 V as determined by the Schottky barrier height
of the metal to the semiconductor material, rather than the semiconductor bandgap.

Similarly, vertically-oriented GaN transistors promise high-performance power electronic devices if several
key growth and fabrication challenges are overcome for the GaN material system. Interestingly, several
different types of vertical GaN transistors have been demonstrated including Metal Oxide Semiconductor
Field-Effect Transistors (MOSFETs) in the trench configuration (T-MOSFET, shown in the bottom portion of
Figure 1.10.1), the double-well (D-MOSFET) configuration, and the Current Aperture Vertical Electron
Transistor (CAVET) configuration [4],[5],[6]. Each of these device topologies has benefits and challenges
associated with fabrication and performance, but the MOSFET designs show the most promise for power
switching applications and will be investigated during this effort. With the MOSFET device designs,
challenges exist in making the semiconductor/insulator (or oxide) interface due to the lack of a good native
oxide for GaN (Si and SiC both have native oxides). In addition, selective-area doping control, which is
needed to form lateral PN junctions, cannot be easily achieved in GaN. Current state-of-the-art GaN devices
use techniques such as ion implantation with special anneal processes (high-pressure and high-temperature) [7]
or epitaxial regrowth [8] to realize selective-area doping control. Both techniques are relatively immature in
GaN, and their behavior needs to be studied and techniques need to be developed to control these processes for
eventual use in power systems for electric vehicles.

The first year of this effort focused on the development of simulation and modeling capabilities to help drive
the designs of future GaN diodes and transistors. In parallel, epitaxial growth and fabrication processes were
initiated toward realizing and demonstrating these devices. Once devices of sufficient performance are
achieved, these will be further characterized in a performance and reliability test-bed (created under a different
project within the consortium) to evaluate their suitability for electric drive applications, especially regarding
their ability to meet the DOE consortium targets. Also, with increasing maturity, the devices can be shared
with the consortium partners, who will evaluate them in electric drive systems and provide feedback to us for
further improvement in their performance for power electronics.

Approach

Vertical GaN Diodes

To understand the designs for development of the vertical [T vermmp— ) Tharmmionic & barris lowering
GaN diodes, Technology Computer-Assisted Design (TCAD) %1

models were co-developed at Sandia National Laboratories !
and Lehigh University (subcontract to Professor Jon Wierer)
using the Silvaco software suite. The first efforts focused on
simulations of the Schottky barrier diodes in forward and
reverse bias operating modes while using various models for
leakage currents available in Silvaco. Figure 1.10.2 shows the
simulated reverse-bias current-voltage behavior of a GaN
SBD with different models being used in the TCAD -10

simulation. These included the thermionic emission, 12 4 =

thermionic emission with barrier lowering, universal Schottky 143 :
tunneling, and phonon-assisted tunneling models. GaN 2 1% B850 0 RoAE AT WAL N
material was grown using Sandia’s Metal-Organic Chemical se————

Vapor Deposition (MOCVD) facilities and SBDs were Figure 1.10.2 Simulated reverse-bias curves of GaN
fabricated and tested using a simple shadow-mask process Schottky diodes using various transport models
where metal is deposited onto the surface of the GaN through (courtesy of Lehigh University).

a perforated metal mask to form circular devices. With the

fabrication and testing of these simple GaN SBDs during the first year, these models were evaluated based on
their ability to match experimental results and were optimized to allow predictive behavior of the diodes. This
iterative process will be continued in future modeling and simulation efforts to drive realistic simulation
capabilities to help with future, more complicated device designs.

-4 :{:] UST + (b) {d) Phonon assisted tunneling +{c)
=i 4

— —

Log reverse current { Afpm)
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With the successful modeling of SBDs and previous work in GaN PN junctions, Junction Barrier Schottky
(JBS) diode models were also developed during the first year. The JBS diode is a hybrid between a SBD and
PN junction diode that combines the best of both, namely high breakdown voltage and low forward turn-on.
To drive design optimization of the fabrication efforts for future JBS diodes, a systematic study of the JBS
parameter space was conducted to evaluate different device designs. The parameters analyzed included the
width of the n-GaN and p-GaN layers, the Mg-doping level of the p-GaN layer, and the thickness of the p-GaN
layer. To optimize the design, simulated device performance parameters including the breakdown voltage, the
forward specific on resistance, and the Baliga Figure of Merit (BFOM) which is equal to the breakdown
voltage squared divided by the specific on-resistance, were used to evaluate the different designs and to gauge
the parameter space best for future fabrication efforts.

To begin to develop the vertical GaN diodes, work was performed in material synthesis using Sandia MOCVD
GaN growth capabilities, coupled with device fabrication process development to assemble the tools necessary
to fabricate these devices. For the material synthesis portion, thick n-type GaN layers were grown on
commercially available GaN substrates, and the net carrier concentration was measured using capacitance-
voltage techniques to optimize the processes for the designed values. Using these grown structures, SBDs were
fabricated using standard lithographic patterning, etching, and metallization processes, and were subsequently
characterized to understand their performance. With the development of the JBS designs, photolithographic
mask sets were designed and fabricated for the first generation of the JBS diode effort. Fabrication short loops
were begun to develop the fabrication processes needed to realize the JBS devices. These included
investigations of contact lithography and etch processes to form the small patterns in the JBS device area.

Vertical GaN Transistors

Due to the increased complexity of the vertical GaN transistors, the R L
work in the first year was primarily focused on the simulation of two '

candidate device structures, and work was also started to develop and 5“‘: core |
understand the dielectric/semiconductor interface that is critical to the & e

gate control of the devices. Cross-sectional diagrams of the two types

of MOSFETS are shown with the T-MOSFET at the top and the D- i N-epilayer
MOSFET at the bottom of Figure 1.10.3. Using TCAD simulations,

the sensitivity of the device performance to various parameters was Al

investigated to understand the performance trade-offs of the different N substrate
devices and to look for possible limitations in the theoretical device ! e
performance imposed by material growth and device fabrication r W2

challenges. Based on the results of the simulations, it was clear that
both device architectures are viable for automotive drivetrain
applications, and we continue to investigate both during the
fabrication process development. This is not surprising since both
device architectures are commercially produced using SiC, with no
obvious advantage to either choice at this time.

. . . L N- epil
To begin the development of the transistors, investigation of the s SR
dielectric/semiconductor interface was studied to develop and i e ubaria e
optimize this process using Atomic Layer Deposition (ALD) of T
Silicon Dioxide (Si0O;) as a starting point. GaN wafers were grown, : i
similar to those used for GaN SBDs, and various surface treatments W2 '

were investigated before deposition of the ALD SiO; film. Next _ . .

circular metal contacts were deposited on the ALD films to form tFrEE::i I ﬁgéigﬁgirg?Egtgm'gfmz&?eﬁf
MOS capacitor structures. These MOS capacitors were characterized MOSFET.

using current-voltage, and variable frequency capacitance-voltage

techniques to evaluate and understand the interface trap density

between the dielectric and semiconductor layer, which will eventually limit the performance of the transistors.
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Results

Vertical GaN Diodes

To evaluate the GaN SBD simulations that were VNAGB16A-A
developed, actual devices were fabricated to compare
their performance to predicted results. Initially, simple
shadow-masked devices were made by depositing a Pd
Schottky contact through a perforated metal screen to =
form circular devices. While this method can help to give S
understanding of device performance, it will not allow :
for more complicated device structures to be made that

would eventually be needed to yield devices for electric

drive systems. More complicated devices would include

thick wire-bond pads, surface passivation, device i -
identifier numbers, and other features to enable large- _ *
scale parallel processing, characterization, singulation, 5
and packaging for insertion into circuits. To realize GaN
SBDs using these more traditional methods was not
straightforward due to the effects of GaN surfaces on
device performance. Inherently, SBDs are sensitive to
surfaces, and care must be maintained to develop a robust
and stable process. Eventually, we were able to realize
photolithographically-defined GaN SBDs using a blanket
metal layer with a pattern-and-etch used to define the
metal. Using this process, we were able to realize high- Figure 1.10.4 (top) IV curves of GaN Schottby Barrier
performance GaN SBDs with highly uniform results for Diodes, and (bottom) extracted ideality factors of the
devices of 250 um diameter. The forward IV curves for same diodes.

representative devices are shown in Figure 1.10.4(top)

along with the extracted ideality factors for these devices (bottom). These devices show ideality factors of 1.05
to 1.10, which is good for state of the art GaN SBDs (the ideality factor is a measure of the quality of the
diode, with a value of 1.00 being ideal).

wi Percentage |

Table 1.10.1
Parameter Variation in Simulation
p-GaN thickness (Tp) (um) 0-2, spaced by 0.5 ym
p-GaN trench width (Wp) (um) 0-5, spaced by 0.5 uym
p-GaN Mg doping concentration (cm-3) 1017 - 101°
n-GaN trench width (Wn) (um) 0-5, spaced by 0.5 um

Using the empirical results from the GaN SBD work, simulations for the JBS diodes were performed as
described above. For the parameters swept in the simulation work, Table 1.10.1 defines the variables. The n-
GaN drift layer for the device was kept constant at a thickness of 10 pm with a net carrier concentration of
2x10'¢ cm™. From these simulations, charts were constructed for analyzing various performance parameters by
color-coding the performance metric on a 2-dimensional plot with two of the parameters swept in the
simulations. For each colored dot, a forward and reverse IV curve have been simulated and the performance
metric extracted to represent the color. The scale for the color is along the side of the plot as shown in Figure
1.10.5. The analysis showed that the performance was highly sensitive to the widths of the p-GaN and n-GaN
as expected. Other parameters such as the p-GaN doping level and p-GaN thickness also had effects. The
BFOM was chosen as the operating parameter because it includes both forward and reverse performance
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metrics, and the desired outcome ) Vi V]
was to have as large a parameter 1 A ol I“m
space as possible for the p-GaN and S 3
n-GaN widths to allow for process
variations in the growth and
fabrication of the diodes. A Mg o rr——— iRt e e o
doping level for the p-GaN layers of S Walm) R fmobmer] '
1x10'8 cm™ was chosen for several o /jog;::::gg % % -
reasons, including empirical results = :{”'" i | B bk i

with good device performance for g g

GaN PN diodes. Doping levels -
higher than this reduce the e SV e
parameter space over which good e oo e
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Figure 1.10.5 (top row) Simlulated breakdown voltage and (bottom row) on-

doping. levels lower than th%s pose resistance of GaN JBS diodes. Left column is a design with a narrow current-
some risk for device operation. carrying channel, while right column is a design with a wide current-carrying
Figure 1.10.6 shows the color plots channel. The middle column represents the device performance.

for the BFOM plotted as a function

of p-GaN and n-GaN trench width for three different p-GaN layer thicknesses at a Mg doping level of 1x10'®
cm™ The results indicate that there is potentially a wide set of p-GaN and n-GaN widths that can give good
BFOM results, with a thickness of 0.5 um giving the best BFOM values (these are encircled by the dashed
lines). These data were used to bound the designs of the mask sets to fabricate the JBS diodes, and these masks
have been made. Experiments are underway to develop the processes (growth and fabrication) needed to
realize these designs. In addition, design methodologies and fabricated device results for SiC devices were
obtained through the subcontract with Jim Cooper (Sonrisa) to allow us to further refine the design space for
the GaN devices.
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Figure 1.10.6 Simulated Baliga Figure of Merit for JBS diodes with three different p-layer widths.

Vertical GaN Transistors

As mentioned previously, TCAD simulations were used to investigate the performance of the T-MOSFET and
D-MOSFET devices. To limit the simulation space, a gate dielectric composed of Silicon Nitride (SiN,) was
chosen, and the forward and reverse bias performance of the transistors was simulated to examine changes in
parameters such as layer thickness and doping. Performance metrics including breakdown voltage, forward
specific on-resistance, and the BFOM were evaluated as they were in the diode simulations to find the optimal
designs. Figure 1.10.7 shows the optimization information for the D-MOSFET analyzing four parameters:
JFET region width (area under the gate), epilayer (drift layer) doping, current spreading layer (CSL) doping,
and JFET region doping. To bound the simulations, a p-GaN (source) layer doping of 1 x 10'® cm™ and a
source layer doping of 5 x 10'® cm™ were chosen. The blue lines represent the simulated breakdown voltage as
determined by either the breakdown of the GaN or the peak field in the gate dielectric reaching 4 MV/cm (a

Electric Drive Technologies Research 91



Electrification - Electric Drive Technologies

known limit to reliability for n z :

SiC devices). The black lines "N _

represent the forward specific g 1 I = oy g™ Z::A "t

on resistance, and the red lines £ g o : E & : “an e = i
I 4 m E 71 ~ 1

represent the BFOM for the av i PO r B | e o

devices. Using the BFOM as “m e e Tl _J

the design optimization ol By . —-_—aA i b

parameter, the ideal GaN D- T et e

MOSFET would have a JFET _

width less than or equal to 1 o 5 = :

um, a JFET doping level of 3 -‘{—-\ § o .

5x10' cm™ (n-type), an N e ::”z é . E

epilayer (drift layer) doping ko ig’: T ) ] 2 ¥ B g

level of ~1-1.5x10" cm™, anda % ., = P A _ Tl -

CSL doping levels of 1-2x10!7 sk e ) S Pl =

cm, all of which are o= S

=
E
I

-4 2 na ] 13 u < ) 3 a
AT

achievable using our GaN e veging S liin )

MOCYD cap.ablhty. Based on Figure 1.10.7 TCAD simulations of D-MOSFETS, examine four design parameters: (top
these simulations, the D- left) JFET region width, epilayer (drift layer) doping (top right), current spreading layer
MOSFET looks like a doping (bottom left), and JFET region doping (bottom right).

promising candidate for a

vertical GaN transistor for an automotive drivetrain, and process development is underway to realize this
device.

a
a

Additionally, T-MOSFETs were simulated and show promise for vertical GaN transistors. A set of similar
simulations was performed to investigate the forward and reverse bias performance of the device as well as the
internal electric fields within the device, which might limit performance. For a device with the cross-section as
defined in the top portion of Figure 1.10.8, the reverse-bias operation was simulated and the resulting internal
electric field profile (middle) and IV performance (bottom) are shown. The inputs for the simulation are:
source doping of 5x10'® cm?, base doping of 1x10'? cm™, epilayer doping of 1x10'¢ cm™, p* trench doping of
3x10" em™, buffer layer doping of 5x10'® cm™, and CSL doping of 3x10' cm™. The peak electric field occurs
near the corner of the trench area and has a value of 7 MV/cm, resulting in a breakdown voltage for the device
of over 1.7 kV. The peak electric field in the gate dielectric layer is 2.6 MV/cm which is below the threshold of
concern for device reliability. The same device was simulated in forward-bias operation and showed good
performance with a threshold voltage of 2.1 V, a specific on-resistance value < 1 mQ-cm?, and a maximum
drain current of nearly 0.5 A/mm. These results are similar to the simulated D-MOSFET performance.
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Figure 1.10.8 (left) Schematic drawing of T-MOSFET. (middle) Simulated internal electric field of the same device. (right)
simulated breakdown characteristic of the same device.
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Because of the good performance of both types of MOSFETS, a down-select to one of the topologies does not
make sense at this time. Instead, both structures are being considered for additional evaluation by looking at
other constraints, including thermally-induced degradation in performance using additional thermo-electric
simulations and growth and/or fabrication concerns that might limit the performance of a realistic device. To
evaluate the growth and fabrication limitations to device realization, a series of short experiments is planned to
demonstrate and evaluate the process capability needed. After further consideration, one of the structures will
be selected on which to focus the resources of a single device development effort.

Conclusions

GaN offers the promise of power electronic devices with performance that exceeds conventional Si and even
SiC-based devices. This is due to its advantageous material properties, chiefly its higher breakdown electric
field. Due to the increased maturity of GaN substrates, vertical GaN devices showing promising performance
are being demonstrated and are being considered for insertion into power conversion applications This project
has focused on the design, simulation, and fabrication processes needed to build vertical GaN diodes and
transistors for use in electric drive traction systems. GaN SBDs have been simulated, and simple devices have
been fabricated to help improve predictive ability of the models. GaN SBDs with excellent ideality factors of
1.05 were characterized and are indicative of the high quality of the metal/semiconductor junction using with
our fabrication processes. JBS diodes were then simulated using the SBD models and existing PN diode
models as input to develop a design optimization for future fabrication of these devices. Using the outcome of
the simulations, experiments have begun to further develop the growth and fabrication processes necessary for
realization of these devices. For GaN transistors, a careful simulation study was done to understand the
performance comparison between T-MOSFETs and D-MOSFETs. Based on these results, both device
topologies look promising for future automotive applications and are being considered as potential candidates
for the traction drive system. Future work will focus on demonstrating and characterizing prototypes of GaN
JBS diodes and demonstrating gate control on GaN MOSFETs. The characterization of the first prototypes will
help provide feedback into the design efforts to continually improve the devices.
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Project Introduction

The Vehicle Technologies Office and the Electrical and Electronics Technical Team have proposed aggressive
research and development targets [1] aimed at improving power electronics technology to enable the mass
market penetration of electric-drive vehicles. Achieving these aggressive power electronics targets will require
a decrease in cost (year 2025 cost target: $2.70/kW) and an increase in power density (year 2025 power density
target: 100 kW/L) as compared with current, on-road technology. Replacing traditional silicon device-based
components with more efficient and higher temperature wide-bandgap semiconductor device-based
components will enable increasing the power density. However, meeting the power density target will also
require innovative packaging and thermal management solutions to increase the heat fluxes dissipated, and
allow for compact electronics packaging.

Decreasing the thermal resistance pathway in power electronics packages is a primary objective for
maximizing the performance of wide-bandgap devices. This can be accomplished by either replacing package
layers with new materials that enable greater thermal, electrical, and reliability performance, or eliminating
layers and components through new packaging designs. Safe and robust operation of the power electronics
requires electrical isolation of the high voltage circuitry within the power electronics module. For example,
typical power electronics modules use a ceramic material within the package for electrical isolation and wire
bonds for electrical connections.

Objectives

The primary deliverable for this project will be to construct a power electronics package utilizing an organic
electrically insulating substrate material with a direct chip-to-chip interconnect technology and demonstrate
superior thermal performance and greater reliability under thermal cycling, thermal aging, vibration, power
cycling, and electrical high-potential evaluation over traditional packages. This will be accomplished through
the following tasks:

o Design optimization of a power electronics package. A multiphysics optimization process will
incorporate the electrically insulating substrate alternative into a novel power electronics package.
Electrical, thermal, and mechanical constraints will be balanced through this optimization.

e Prototype construction. Example power electronics packages based on an electrically insulating
substrate alternative with devices joined by Quilt Packaging (QP) will be developed.

Approach

The project aim is to develop a power-dense, reliable, and cost-effective 3D power electronics package enabled
by an alternative electrical isolation material. This material provides equivalent electrical isolation to current

Electric Drive Technologies Research 95


mailto:douglas.devoto@nrel.gov
mailto:susan.rogers@ee.doe.gov

Electrification - Electric Drive Technologies

technologies while providing high thermomechanical reliability at high device junction temperatures, as well
as enabling higher power densities. In addition, elimination of design constraints associated with traditional
ceramic substrates reduces device-to-coolant thermal resistance, simplifies package design, and offers more
design flexibility. This package design will eliminate component layers in a new, low cost, simplified
manufacturing process for a packaging design that will allow for higher power densities and reliability.
Additionally, the new circuit board structure will transport heat out of encapsulated component areas within a
3D structure. This work in being performed in collaboration with Oak Ridge National Laboratory (ORNL) and
DuPont.

QP is a chip-to-chip interconnect technology that incorporates conductive metal “nodules” on the sides of the
chips. The technology has been commercialized by Indiana Integrated Circuits, LLC (IIC) from research
originating at the University of Notre Dame. IIC will design and fabricate QP test chips for NREL to evaluate
the electrical characteristics of the interconnect technology as a replacement for traditional wire bond
interconnects. Design work with IIC has also involved collaboration with ORNL.

Results

Power Electronics Module Design with Organic Insulating Substrate

Figure 1.11.1 shows a typical state-of-the-art power electronics package stackup. During operation, a
significant amount of heat is generated by the semiconductor device that needs to be removed to keep
temperatures within limits. However, due to the roughness of the component surfaces in contact to each other,
air gaps are formed between the surfaces and can cause a large resistance to heat transfer, which in turn results
in large increases in temperatures in the package. Bonded materials ensure an efficient path for heat transfer at
the interfaces by closing these air gaps. Hence, the semiconductor device is typically attached by a bonded
material such as solder at the die-attach level to a metallized substrate. The substrate is composed of a ceramic
bounded by copper layers on either side and provides electrical isolation. This substrate is then mounted onto a
baseplate or directly to a heat exchanger, typically made of copper or aluminum, via a substrate-attach,
typically another solder alloy or a grease. Efforts to improve the thermal management design of the traditional
power electronics package has led to cooling both sides of a semiconductor device. Figure [.11.1 also shows
two examples of packages utilizing double-sided cooling. Wire bonds are replaced with metal terminals to
allow for cooling of the top side of a device. Variations of these designs have been commercialized in several
automotive applications from both General Motors and Toyota.

Terminal ——»
Enclosure

Device

Interconnect Encapsulant

Die Attach

Substrate

Metalized Substrate

Attach \:lll :

Integrated Baseplate/ Heat Exchanger

Figure 1.11.1 A traditional power electronics package (left), and double-sided-cooled power electronics packages from
Toyota and General Motors (right).

General Motors has implemented a double-sided cooling design within the second-generation Chevy Volt as
shown in Figure 1.11.2. The design sandwiches the semiconductor devices and electrical connections between
two ceramic substrates, then attaches heat sinks to both sides of the package. Toyota has designed a similar
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commercial package where ceramic substrates are placed on either side of a semiconductor device for double
sided cooling, also shown in Figure 1.11.2.
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Figure 1.11.2 Power device within a second-generation Chevy Volt [2] (left), and example double-sided cooling structure [3]
(right).

In both single- and double-sided cooling designs employing water-ethylene glycol as the coolant, ceramic
substrates are used to isolate the electrically active components from the thermal management system. The
ceramic substrates typically are composed of aluminum oxide (Al,O3), aluminum nitride (AIN), or silicon
nitride (Si3N4). Al2Os3-based substrates have been utilized as an industry standard for electrical insulation for
many years, and recently AIN and Si3Ny are being used for improved thermal and mechanical properties.
However, their improved performance comes at a significant cost increase, with Si3N4 substrates costing
several times more than their Al,O3 counterparts. Thin copper (Cu) layers are bonded to either side of the
substrate using a direct-bond-Cu (DBC) or active metal brazing (AMB) process. These processes involve
bonding metallization layers symmetrically to both sides of the ceramic at a high temperature, as bonding to
only one side would cause deformation during the cooling phase. The metal bonded to either side of the
ceramic is between 0.3 and 0.8 mm in thickness, as the high-temperature manufacturing process does not allow
very thick metals to be bonded. This limits the heat spreading capability of the thermal substrate and the
current-carrying capacity of the metallization layer that is bonded with the semiconductor device. The
metallization layer adjacent to the heat spreader or cold plate is bonded via a solder or grease layer. This layer
is a common failure location within a power electronics package as cracks and voids in solder or pump-out/
dry-out in grease can propagate over time, causing an increase in package thermal resistance and device
junction temperature.

Replacement of a traditional brittle ceramic substrate with a robust and flexible polyimide film for electrical
isolation allows for direct bonding to a heat exchanger or cold plate and eliminates the need for an intermediate
bonding layer, typically solder. Elimination of the brittle ceramic enables higher operating temperatures,
reduces thermomechanical stresses, and allows for higher bonding pressures and temperatures during the
manufacturing of the package. Implementation of this film enables the simplification of the manufacturing
process allowing for time and cost reductions. These benefits will be demonstrated by the conclusion of the
project and will allow for existing power electronics manufacturers to transition to polyimide film with
reduced research and development time and expense. A direct replacement of the ceramic substrate with the
polyimide film is shown in Figure 1.11.3. The bonding process of polyimide films does not require matching
top and bottom metallization layers. Each metallization layer can be optimized independently, and different
thicknesses and materials can be selected. The polyimide film can be directly bonded to a cold plate or heat
spreader, eliminating the requirement for the bottom metallization layer and the substrate-attach solder layer.
This reduces the thermal resistance pathway between the device and coolant, eliminates the common failure

Electric Drive Technologies Research 97



Electrification - Electric Drive Technologies

mechanism of solder fatigue, allows for higher-temperature operation above the reflow temperature of solder,
and reduces manufacturing time and material costs. This direct bonding design is demonstrated in Figure
1.11.3.
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Integrated Baseplate/ Heat Exchanger Integrated Baseplate/ Heat Exchanger

Figure 1.11.3 Traditional package with metalized polyimide substrate (left), and with polyimide substrate bonded directly to
baseplate/heat exchanger with no bottom metallization layer (right).

A double-sided cooling package will also benefit from the elimination of the outer metallization layer and
substrate attach layer. This is demonstrated in Figure 1.11.4. In addition, a polyimide-based design can be
incorporated into new circuit board structures to transport heat out of encapsulated component areas within a
3D structure, as defined as stacking semiconductor devices vertically. Presently, only 2D architectures have
been commercialized for automotive power electronics.

Baseplate potvimid Ig;la:;znlale-h‘:k :\lerconlnect.-f
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Figure 1.11.4 Double-sided cooled package with polyimide substrate (left), and with stacked devices in a 3D package
design (right).

The traditional manufacturing process, shown in Figure 1.11.5, bonds layers together in sequential steps,
requiring two solder reflow processes, separate polymer and silicone cures, and several electrical attachment
steps. The steps also do not include the costly energy-intensive manufacturing process for the DBC substrate.
The improved packaging design and manufacturing process are documented in the NREL Record of Invention
(ROI) No. 19-15 “Organic Electrically Insulating Layers for Electronics Packaging” and the corresponding
U.S. provisional patent application number 62/776,506. Figure 1.11.5 also demonstrates the reduction in
processing steps for the novel power electronics module.
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Figure 1.11.5 Manufacturing process for a traditional power electronics module [4] (top), and a simplified process for the
novel power electronics package (bottom).

Both sintered silver and polyimide require an elevated temperature and pressure to complete their synthesis.
After initial assembly, silver sintering and polyimide bonding would take place simultaneously in the fifth
step, with all bonding and electrical connecting steps completed simultaneously. Encapsulation of the electrical
components would complete the synthesis of the package, followed by electrical evaluation.

Thermal cycling, thermal aging, power cycling, and electrical high-potential evaluations were completed to
validate the performance of this polyimide-based substrate. The conditions are summarized below.

e  Thermal Shock: -40°C to 200°C, 5-minute dwells, for 5,000 cycles
e Thermal Aging: 175°C for 1,900 hours

e Power Cycling: 40°C to 200°C for 2,200 cycles.
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No mechanical or electrical performance degradation was observed after the completion of each evaluation.
The results show that polyimide-based substrate exceeds the mechanical capabilities of traditional ceramic
substrates while still maintaining the necessary electrical isolation. Additional evaluations, such as 85%
relative humidity and 85°C temperature conditions, are planned for FY20.

Direct Chip-to-Chip Electrical Connection within a Power Electronics Module

Alternative electrical interconnect designs are required as switching devices are reduced in size and spacing
between devices is minimized. By joining devices with the QP technique, the need for wire bonds or other
external electrical connection technology is eliminated. The QP technique has been demonstrated for
microwave applications [5] and proposed for power electronics designs [6], but to date has not been
experimentally validated. For this project, traditional wire interconnects will be replaced with direct chip-to-
chip edge interconnect technology in a two-device package. An example of this sample design is shown in
Figure I.11.6.

ST, \“\\\_‘_.—'
/\\ Ny .
Figure 1.11.6 Sample design with QP.

Experimental samples were designed in collaboration with IIC and ORNL, and a design of experiments was
established based on previous QP packaging experience to optimize the size and shape of the connecting
nodules. Nodules were fabricated in four different widths—100, 300, 500, and 700 um—in both rectangular
and triangular shapes. The length of the nodules extending into the chips were also varied to two lengths, 30
and 70 pm. The nodule dimensions are summarized in Table .11.1.

Table 1.11.1 Nodule Dimensions

Nodule Interlocking Nodule Width (um)
BT 100 300 500 700
30 Rec.tangular/ Rec.tangular/ Reqtangular/ Regtangular/
Nodule Triangular Triangular Triangular Triangular
Length (um) Rectangular/ Rectangular/ Rectangular/ Rectangular/
Triangular Triangular Triangular Triangular

Reliability evaluation will be performed at NREL in FY20 after the QP devices have been mounted to
substrates. Samples will be subjected to thermal shock, thermal aging, and vibration experiments. The
maximum current-carrying capability of the nodule interconnects will also be determined.

Conclusions

The project aim is to develop a power-dense, reliable, and cost-effective 3D power electronics package enabled
by an alternative electrical isolation material and electrical interconnect method. The project accomplishments
for FY19 are summarized below.
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Thermal impact of polyimide-based substrate designs was modeled and experimentally evaluated. A
thicker topside metallization in a polyimide-based substrate allows for enhanced thermal spreading
over traditional substrate designs.

Reliability evaluations of the polyimide-based substrate found no significant decrease in electrical or
thermal performance after 5,000 thermal shock cycles, 1,900 thermal aging hours, and 2,200 power
cycles.

In collaboration with ORNL and IIC, initial device geometry—for evaluation of the QP device—was
designed and fabricated. Devices will be mounted to substrates, and the package will undergo
electrical and reliability evaluations in FY20.

Key Publications
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Project Introduction

This project is part of a multi-lab consortium including the National Renewable Energy Laboratory (NREL),
Oak Ridge National Laboratory (ORNL), Sandia National Laboratories, and Ames Laboratory that leverages
research expertise and facilities at the National Labs, universities, and industry to significantly increase electric
drive power density and reliability while simultaneously reducing cost. The project is organized around three
Keystone projects: (1) Power Electronics, (2) Electric Motors, and (3) Traction Drive System. The Electric
Motors Keystone project at NREL focuses primarily on improvements (reductions) in the passive thermal
resistance of the electric motor to increase power density in line with the most recent research priorities
outlined in the U.S. DRIVE Electrical and Electronics Technical Team (EETT) Roadmap (U.S. DRIVE 2017).

In the area of electric drive motors, the EETT Roadmap highlights the importance of reducing the thermal
resistance of the motor packaging stack-up to increase power density. The Roadmap also mentions that the
thermal conductivity of the materials within the motor influence the amount of material necessary to generate
the required mechanical power. The Roadmap emphasizes research areas with a focus on material physics-
based models, improved materials, and thermally conductive epoxy and fillers. In addition, the Roadmap
highlights a research gap in that the material performance characterization techniques are not well known or
identified in the literature.

Heat transfer and thermal management are critical to electric motors since - as mentioned in the EETT
Roadmap - thermal constraints place limitations on how electric motors ultimately perform, and “an optimized
thermal design can help increase machine rated power substantially” (Lipo 2007). The thermal management of
electric motors for vehicles is complex because of the multiple heat transfer paths within the motor, the
variation in heat due to motor operating conditions, and the multiple material interfaces through which heat
must pass through to be removed. For these reasons, “heat transfer is as important as electromagnetic and
mechanical design” (Hendershot and Miller 1994) for solving research challenges to improve the electric
motor power density, cost, and reliability as outlined by the EETT Roadmap.

Objectives

Research under this project will be performed within the framework of a new research consortium consisting
of a multi-disciplinary team that will plan, establish, conduct, and manage a portfolio of multi-lab and multi-
university research efforts to advance the state of the art in electric drive technologies. The final objective of
the consortium is to develop a 100-kW traction drive system that achieves a power density of 33 kW/L, has an
operational life of 300,000 miles, and a cost of $6/kW. The system will be composed of a 100-kW/L inverter
and a >20,000 rpm, 50-kW/L electric motor. Building on the research experience and capabilities within each
laboratory, the multi-lab consortium will focus on achieving research objectives within three Keystone
projects: Power Electronics, (2) Electric Motors, and (3) Traction Drive System.
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For the Motors Keystone project, key consortium objectives will focus on research on motor technology gaps
to enable increased power density and reliability supporting research pathways in power electronics
technologies. As power electronics technologies develop to enable higher operating temperatures, higher
system voltages, and higher switching frequencies, motor technologies will also be necessary to realize the
electric drive system benefits. Key consortium motor research pathways include motor material improvements
(electrical, magnetic, and thermal), higher motor operating speeds, and higher system voltages. NREL research
will provide motor researchers—within the consortium and outside—with the data and models to enable motor
innovations and the use of novel materials and designs. The work supports broad demand for data, analytical
methods, and experimental techniques to improve and better understand motor thermal management. It also
combines unique capabilities, facilities, and expertise in addition to the data, analysis methods, and
experimental techniques to improve and better understand heat transfer within electric motors to meet the
demands of electric drive vehicles. NREL’s focus in FY19 included:

e Develop thermal characterization experiment for measuring thermal resistance of high-thermal-
resistance materials and interfaces with improved experimental uncertainty at higher temperatures to
support motor material development efforts

e Develop models and simulation tools in support of consortium team members in quantifying thermal
performance and heat transfer technologies to support motor development efforts.

Approach

The ability to remove heat from an electric motor depends on the passive stack heat transfer within the motor
and the convective cooling heat transfer of the selected cooling technology. In addition, as new materials are
developed, it is important to characterize temperature-dependent material properties and thermal interface
properties. Characterization of new materials enables motor designers to evaluate the potential performance
tradeoffs of new materials for motor applications. For this reason, the approach for the research project splits
the efforts between two primary areas. The first focus area for NREL during FY 19 was the development of
experimental methods to measure high-thermal-resistance materials and interfaces at elevated temperatures,
which is relevant to motor winding materials, core materials, and magnet materials. The second focus area
involves thermal model development to support electric motor design and development research efforts
performed within the consortium. Each of these efforts is summarized below.

Thermal Resistance Characterization Experimental Methods

Although methods and apparatuses exist to measure low thermal conductivity materials, the currently existing
solutions do not have well-defined uncertainty and typically require large sample sizes (6x6 inches). For many
of the samples NREL wants to test (electric machine components, high-resistance insulation), it is extremely
expensive or impossible to construct material samples with a cross-sectional footprint of 6x6 inches.
Furthermore, without well-defined uncertainty on the measurements, it is not possible to rigorously compare
materials. For this reason, a thermal conductivity apparatus was designed to test high-thermal-resistance
samples with a small sample size of 2x2 inches, which requires one-ninth the material than other available test
methods. The apparatus also has very well-defined uncertainty.

The root of the uncertainty in the ASTM D5470 (D09 Committee 2012) method is due to the intrinsic accuracy
of temperature measurement (shown as resistance temperature detectors (RTDs) in Figure 1.12.1). The
difference between two RTDs in each metering block provides the data to derive the heat flux going through
the metering blocks, which have known thermal conductivity. The approach for measuring the thermal
resistance of the sample is shown in Figure I.12.1. If the temperature difference between two RTDs at any
point approaches their accuracy, the uncertainty in the temperature difference will quickly become large. This
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results in a U-shaped uncertainty interval versus sample thermal resistance, where there is an optimal thermal
resistance the apparatus can measure with reasonable uncertainty.

Press Force '

Heater Block 1 l 1 l
(Hot Boundary)

Thermal Interface Y \

Sample -] Metering Blocks with RTDs

1
Thermal Interface /

-

Cold Plate

(Cold Boundary) m m m
Press Force f

Figure 1.12.1 Overview of ASTM D5470 method for measuring the thermal resistance of a sample placed between two
metering blocks. (Source: Emily Cousineau, NREL)

Different approaches are required to reduce the experiment uncertainty at each end of the U-shaped uncertainty
interval versus sample thermal resistance. When the thermal resistance of the sample is very low (high thermal
conductivity), the temperature gradient across the sample is also very low, resulting in high uncertainty in the
temperature gradient. The solution to this is to increase the heat flux going through the sample, which can be
done either by increasing the current to the heat source or concentrating the heat using smaller metering
blocks. However, these approaches will not work for high-thermal-resistance (low thermal conductivity)
samples.

When the thermal resistance of the sample is very high (low thermal conductivity), the temperature gradient
across the metering blocks will become very small because of the lower heat flux that can pass through the
samples within the temperature limits of the apparatus. When the thermal resistance of a sample surpasses a
certain point (~5,000 mm?-K/W for copper metering blocks), the heat flux reduces to a point where convection
and radiation effects begin to become a concern. One solution is to use larger area metering blocks. Increasing
the size of the metering blocks can reduce convection and radiation effects; however, this also requires larger
sample sizes, which may become expensive or even impossible (in the case of motor windings) to
manufacture.

Besides improving the measurement uncertainty, another key goal of the experiment is to enable the
measurement of thermal resistance at elevated temperatures within a controlled environment. As the power
density of the motors increases, the materials within the motor can be exposed to high temperatures (over
150°C). For this reason, we designed the experiment to enable materials to be measured up to a temperature of
200°C. In addition to the ability to measure materials at elevated temperatures, the experiment also accurately
measures the pressure and thickness of the sample to capture the impact of distance and pressure when
measuring interface thermal resistances.

Consortium Team Member Thermal Analysis Collaborations

With the initiation of the multi-lab consortium, NREL also provided thermal analysis support to consortium
team members. This included discussions for thermal and mechanical characterization of material samples
with collaborators, as well as performing thermal modeling and simulation in support of partner-led efforts
related to electric motor designs. For example, NREL worked closely with ORNL researchers to model
potential heat transfer and thermal management strategies for new motor designs led by ORNL. The initial
work during FY19 focused on creating thermal finite element analysis models to study the sensitivity of
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alternative motor materials and cooling strategies on the overall temperature profile within the electric motor
under multiple operating conditions. This work supported ORNL in identifying potential thermal management
strategies to meet the motor performance objectives.

Results
The results for both the thermal resistance experimental methods and the consortium team member thermal
analysis collaborations are summarized below.

Thermal Resistance Characterization Experimental Methods

Building on past experience with thermal resistance measurements, NREL created a finite element analysis
thermal model of the experimental design to study possible approaches to reduce the measurement uncertainty.
The model enabled analysis to study the influence of the metering block (Figure 1.12.1) thermal properties and
geometry in combination with conduction, convection, and radiation heat transfer. Figure 1.12.2 provides one
example of analysis that was performed to locate the best temperature measurement locations within the
metering blocks for calculating the heat flux through the block. The figure highlights the need to place the
temperature measurements at least 25.4 mm away from the bottom of the metering block.

e Bottom Block

254 10000
253 , 25.4 mm (1 inch)

25.1
249
24.8
246
24.4
243
24.1 55 65 75 85 95 105

239 Distance from top (mm)

Heat Flux (W/m?)

25.4 mm (1 inch)

Figure 1.12.2 Example analysis for locating temperature measurement locations within bottom metering block. Example
temperature profile through metering block showing uniform temperature gradient beyond 25.4 mm from the bottom of the
block (left). Example showing the calculated heat flux through the metering block, highlighting the heat flux variation
towards the bottom of the metering block. (Source: Emily Cousineau, NREL)

Figure 1.12.3 provides another example comparing the impact of alternative metering block materials and a
copper spreader. As seen in the figure, the lower thermal conductivity materials increase the temperature
variation along the analysis plane where the temperature is measured. This can increase the experiment
measurement uncertainty. As also seen in the figure, attaching a copper spreader block to the bottom of the
metering block does not improve the spatial temperature variation. For this reason, the new experimental setup
was not designed to include a copper spreader block.
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Figure 1.12.3 Example analysis for including a copper spreader to the metering block with different metering block
materials. Drawing of metering block with copper spreader (left). Example results showing the calculated spatial
temperature variation within the temperature measurement plane for different metering block materials and spreader
thicknesses. (Source: Emily Cousineau, NREL)

Table I.12.1 summarizes the impact of the metering block material on the overall systematic measurement
error caused by the RTD uncertainty and the in-plane temperature variation. As seen in the table, even though
the lower thermal conductivity metering blocks do increase the in-plane temperature variation (Figure 1.12.3),
the overall measurement error is reduced as compared to the use of standard copper metering blocks.

Table 1.12.1 Summary of Measurement Error with Different Metering Block Materials for High Thermal
Resistance Sample

. . Sample Rth Systematic Error
Mete.rI!ngeBIock Therm[aVIv;:rc::ﬂ;Jctlwty (Actual) (Including RTD uncertainty and
yp [mm?2-K/W] in-plane temperature variation)
391 (“Copper Alloys - Copper C101
Copper Properties, Fabrication and Applications” 17780 18.4%
2005)
Al-6061 154 (Lau and Pao 1997) 17780 9.60%
Iron 58 (Engineering Toolbox 2005) 17780 3.30%
Stainless Steel 14 (Engineering Toolbox 2005; Incropera 17780 1.20%

and DeWitt 1981)

In addition to building the experimental hardware (shown in Figure 1.12.4), a calibration procedure was also
developed during FY'19 for the new experiment. To do a general calibration, a sample with a known thermal
conductivity is measured as a test standard. The test standard selected is yttria-stabilized zirconia, which has
been rigorously characterized by the National Institute of Standards and Technology (Slifka, Filla, and Stalick
2000) and has a thermal conductivity of 2.19 W/m-K, which is close to the thermal conductivity range of the
materials of interest (e.g., motor laminations, motor windings). The thermal conductivity of yttria-stabilized
zirconia is also very stable across a wide temperature range, making it an ideal test standard. Additional details
of the experimental design and calibration will be included in a planned future manuscript submission to a
journal.
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Figure 1.12.4 Constructed experimental hardware inside environmental chamber. (Source: Emily Cousineau, NREL)

Consortium Team Member Thermal Analysis Collaborations

The collaborative work within the multi-lab consortium is ongoing and is planned to continue into FY20. Plans
are underway to use the newly developed experimental capabilities to support both thermal and mechanical
characterization of materials developed within the consortium through other research efforts led by ORNL,
Sandia National Laboratories, and Ames Laboratory. During FY 19, NREL worked with ORNL to support
thermal analysis of motor research efforts led by ORNL. Working collaboratively, ORNL and NREL identified
potential materials and cooling strategies to enable the ORNL-led motor research to achieve the desired
performance metrics. Planned work into FY20 will continue the collaboration with ORNL to refine the thermal
management design of the selected motor. Additional details related to the ORNL-led motor research can be
found in its report related to its Keystone 2-led research efforts.

Conclusions

During FY2019, research was performed to improve the understanding of motor material and material
interfaces related to electric motors and heat transfer technologies. The work supports ongoing research efforts
within a multi-lab consortium focused on electric drive technologies related to power electronics, electric
motors, and traction drive systems. This included the design, construction, and calibration of an improved
experimental setup for measuring high thermal resistance materials and interfaces at elevated temperatures.
This work will support potential future planned work within the consortium to develop materials to improve
electric motor performance. Also, work is underway to publish a paper in open literature describing the
experimental approach and methods. In additional to the material characterization efforts, NREL is also
supporting the consortium through thermal modeling and analysis support, which builds on past experiments
and data measured at NREL for both convective motor cooling and materials, such as a paper published in
FY2019 describing experimental measurements and modeling of electric motor lamination materials
(Cousineau et al. 2019).

Key Publications
1. Cousineau, J. Emily, Kevin Bennion, Douglas DeVoto, and Sreekant Narumanchi. “Experimental
Characterization and Modeling of Thermal Resistance of Electric Machine Lamination Stacks.”
International Journal of Heat and Mass Transfer, vol. 129, pp. 152—159, Feb. 2019.

2. Bennion, Kevin. “Thermal Management in Electrical Applications — Electric Motors,” Presented at the
2019 IEEE International Electric Machines & Drives Conference (IEMDC), 11-15 May 2019, San
Diego, California
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3. Bennion, Kevin. “Electric Motor Thermal Management R&D.” 2019 DOE VTO Annual Merit

Review, Washington D.C., June 2019.
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Project Introduction

To enable the mass market penetration of electric-drive vehicles and to meet consumer electric vehicle
performance expectations, the U.S. DRIVE 2017 Electrical and Electronics Technical Team Roadmap [1]
proposes aggressive research and development targets aimed at reducing cost and increasing electric traction
drive system power density to 33 kW/L by 2025. The target includes high-voltage power electronics and a
single traction-drive electric motor. Achieving this level of system power density would most likely require
integration of the inverter and the electric motor into a single traction module. However, this approach will
also require innovative thermal management solutions to provide adequate cooling to more densely packed
electrical components and keep their operating temperatures within optimal range.

Objectives
The main objectives of this project are to:

e Research and evaluate motor-integrated power electronics topologies and thermal management
solutions for electric traction drives

o Identify candidate driveline fluids suitable for direct cooling of traction drive components and high-
voltage power electronics

e  Characterize selected driveline fluids by measuring convective cooling and, if appropriate and
feasible, electrical properties.

Approach

To evaluate and compare different thermal management solutions for an integrated traction drive, a literature
review was performed and current state-of-the-art concepts developed by the automotive Research and
Development community and original equipment manufacturers were surveyed [2],[3],[4],[5],[61,[71.[81,[9],
[10],[11]. Several integration concepts were identified and assigned to the following main categories:

e Separate enclosures for motor and power electronics (Figure 1.13.1 a)

e Power electronics mounted on the motor outer case or distributed radially with shared cooling (Figure
1.13.1b)

e Power electronics integrated axially in the motor’s front or back plate (Figure 1.13.1 c).
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Figure 1.13.1 Electric motor and power electronics integration concepts: (a) Separate enclosures for motor and power
electronics, (b) Power electronics mounted or distributed radially on the motor outer case with shared cooling, (c) Power
electronics integrated axially in the motor’s front or back plate (Figures by Shajjad Chowdhury, ORNL)

For the integration concepts shown in Figure 1.13.1, respective models will be built, and numerical simulations
will be carried out. Namely, the approach includes finite element analysis (FEA) and computational fluid
dynamics (CFD) modeling of the thermal management solutions (different cooling approaches) for electric
traction drives. A range of heat transfer coefficient (HTC) values will be applied to cooled surfaces, including
highly efficient direct jet impingement cooling of end-windings and power devices, and component
temperature distributions based on BMW’s i3 electric motor and power module geometries with corresponding
thermal loads from Oak Ridge National Laboratory’s (ORNL’s) benchmarking data will also be evaluated.

Another area of focus for the project is a thermal characterization of direct cooling of temperature-sensitive
components with driveline fluids. The current work is a continuation of NREL’s efforts in free-surface jet
impingement heat transfer characterization for cooling of electric machines with automatic transmission fluid
(ATF). Previous work focused on the influence of target surface topography and physical enhancements on the
heat transfer performance [12]. An experimental fluid test loop (Figure 1.13.2) is used to perform in-situ jet
impingement experiments with heated target embedded in the cutout of electric machine end-windings (Figure
1.13.3).
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Figure 1.13.2 Experimental setup for jet impingement heat transfer characterization: (a) General view of large fluid test loop
(Photo by Bidzina Kekelia, NREL), (b) Large fluid test loop schematic
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Figure 1.13.3 Electric machine with mounted heat target assembly within the end-windings (Computer-aided design (CAD)
model by Emily Cousineau, NREL)

Results

Modeling Integrated Traction Drive

Initial modeling efforts were focused on building an FEA model (Figure 1.13.3) of an electric traction drive
(based on BMW’s 13 traction drive component geometries) with separate enclosures for electric motor and
power electronics.

Thermal steady-state simulations of a single slot (due to symmetry) of stator windings were initiated (Figure
1.13.4), to be followed by FEA thermal simulations of respective power electronics. The goal is to compare
benefits and drawbacks of different concepts of integrated cooling solutions, their impact on optimal
temperature distribution, and on enabling higher power output of the electric traction drive.

(a) (b)

Figure 1.13.4 FEA thermal simulations of a single slot of stator windings in ANSYS: (a) Heat flux distribution, (b) Temperature
distribution (Figures by Bidzina Kekelia, NREL).

Figure 1.13.4 illustrates cooling with fluid circulating in a cooling jacket around the motor enclosure. Other
cooling concepts, including direct jet impingement on stator end windings and power electronics, applying
corresponding HTCs to respective surfaces, will be also evaluated.

Jet Impingement Cooling with Driveline Fluids
During recent in-situ jet impingement experiments (Figure 1.13.5), Ford Mercon LV ATF was used to evaluate
the impact on HTCs of varying parameters as shown in Table 1.13.1.

Electric Drive Technologies Research 111



Electrification - Electric Drive Technologies

Figure 1.13.5 ATF jet impingement on heated target (Photo by Bidzina Kekelia, NREL)

Table 1.13.1 Parameters varied during jet impingement heat transfer characterization experiments
Parameter Values
Fluid Temperature (Tfluid) 50°C, 70°C, 90°C

0.1 Ipm (0.5 m/s)*
0.15 Ipm (0.75 m/s)**
0.25 Ipm (1.25 m/s)
0.5 Ipm (2.5 m/s)
1.0 Ipm (5.0 m/s)
1.5 Ipm (7.5 m/s)

Target Surface Temperature (Tsurface) 90°C*, 100°C, 110°C, 120°C

Fluid Flow Rate (Average Jet Velocity)

Jet Incidence Location Center, Edge

*Only for experiments with 50°C and 70°C fluid temperatures.
**0Only for experiments with 90°C fluid temperature.

It was found that the target surface temperature significantly affects convective HTCs. Namely, increasing
surface temperature from 90°C to 120°C enhanced HTC values by up to 15% (see Figure 1.13.6). The
discovered effect is likely due to elevated fluid film temperature near the heated surface, resulting in reduced
viscosity (strongly temperature-dependent property for ATF) above the hot surface. Lower viscosity leads to a
thinner viscous boundary layer, increasing fluid flow and reducing the thermal boundary layer as well.
Consequently, this results in a higher HTC due to higher temperature gradients in the thinner thermal boundary
layer.
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Figure 1.13.6 Experimentally measured convective heat transfer coefficients for 50°C ATF at various jet impingement
velocities and cooled-surface temperatures

These initial findings highlighting the target surface temperature impact on the HTCs were summarized in a
technical paper published and presented at the 2019 ASME InterPACK Conference in October, 2019.

In addition to experimental HTC measurements, CFD modeling was performed for fan-shaped and orifice jet
impingement with ATF (Figure 1.13.7). Derived HTCs from modeling orifice jet impingement showed good
agreement with experimental results.

Temperature

Crrifice Jet
1.0LPM
70 °C

Volume Fraction

1LPM 70°C
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70°C
Figures by Xuhui Feng, NREL

Figure 1.13.7 CFD modeling of orifice and fan-shaped jet impingement on heated copper target.

Conclusions
The project accomplishments and conclusions for FY19 are summarized as follows:

e CAD model components of an integrated traction drive were developed for a baseline model with
separate cooling enclosures for electric motor and power electronics module.

Electric Drive Technologies Research 113



Electrification - Electric Drive Technologies

Thermal steady-state FEA simulations of a single stator windings slot with maximum thermal loads
(provided by ORNL) were initiated in ANSYS.

Different thermal management approaches, as outlined in Figure 1.13.1, are planned to be evaluated in
FY2020. In addition, a concept of an internal-stator and outer-rotor integrated traction drive, currently
being developed by ORNL, will also be explored.

A large set of measured HTCs for ATF jet impingement cooling at various temperatures and flow
rates was collected and published. Cooled target surface temperature impact on heat transfer
effectiveness was highlighted in presentations at the IEEE ITHERM 2019 and ASME InterPACK
2019 conferences. A paper was also published at the ASME 2019 InterPACK Conference. The
measured HTCs are useful for understanding factors influencing performance of driveline fluid-based
cooling systems for electric machines and aids automotive original equipment manufacturers and
electric machine manufacturers, as well as the broader research and development community in the
design and development of compact, high-performance, reliable machines. The higher temperatures of
today’s more powerful electric machines and power electronics would be beneficial for the
performance of ATF-based cooling systems, and in turn the cooling system would have a bigger
impact on increasing the power- or current density of the machines.

CFD modeling for fan-shaped and orifice ATF jet impingement cooling of electric machines was
carried out, and the results were presented at the ASME InterPACK 2019 conference.
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Project Introduction

Robust and reliable power electronics packaging technologies are critical for the safe operation of wide-
bandgap devices such as silicon carbide and gallium nitride, particularly at high temperatures. The unique
characteristics of wide-bandgap devices that prove to be challenging for their packaging are high switching
speed (dV/dt and di/dt), high operation temperature, and high electric field (Chen, Luo, and Kang 2017). The
cost, weight, and power density targets for these packages or modules only increase the challenges associated
with their design and development. Material selection and component design within a package play a key role
in determining its reliability and lifetime under high-temperature operating conditions. Advanced packaging
layouts, such as - 3D packaging, planar interconnects, and direct-lead-bonding are considered by researchers
and engineers to minimize loop parasitics and to reduce the junction-to-coolant thermal resistance. Materials in
the right combination need to be properly integrated to address the inherent coefficient of thermal expansion
and stiffness mismatch issues within packaging (Khazaka et al. 2015).

For a traditional silicon device-based power electronics package, bonded interfaces, i.e., die-attach and
substrate-attach, are prone to failure under environmental loading conditions such as thermal cycling and
power cycling. The reliability of the package is dictated—to a significant extent—by the ability of these
interface materials to withstand the stress imposed on them under long-term exposure to high temperatures and
thermal gradients. While the maximum operating temperature of Si devices is around 150°C, the 200°C —
250°C desired operating temperature range of wide-bandgap devices places a more stringent requirement on
the reliability and lifetime of the bonded interfaces. Solders such as SAC305 and 63Sn37Pb are not suitable for
operation at these extreme temperatures. Among the high-temperature-compatible bonded interfaces, sintered
silver and transient liquid phase bonded materials are regarded as strong candidates; however, their reliability
and failure mechanisms at high temperatures needs to be investigated.

This report describes research at the National Renewable Energy Laboratory (NREL) in assessing the
reliability and lifetime prediction model development of sintered silver and the copper (Cu)-aluminum (Al)
transient bonded interface material. In collaboration with Virginia Tech (VT), samples with sintered silver as
the bonded material were fabricated and subjected to accelerated thermal cycling. Also, the reliability of
sintered silver material with a different microstructure, which was purchased from an industry partner, was
evaluated using the same sample configuration. In addition, thermomechanical modeling results that
demonstrate the impact of thickness of adjacent coupons on sintered silver are reported. Along with sintered
silver, collaborative efforts between NREL and Georgia Tech—on the fabrication of Cu-Al bonded interface
samples—are discussed.
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Objectives
The major objectives of this project are to:

o Evaluate the reliability of sintered silver by subjecting coefficient of thermal expansion (CTE)-
mismatched coupons—with sintered silver as the bonded interface material—to accelerated thermal
cycling. Crack propagation or any other failure mechanisms that originate and evolve under thermal
cycling will be periodically monitored through scanning acoustic microscopy imaging.

e Develop thermomechanical models to obtain theoretical parameters such as von Mises stress, strain-
energy density, and J-integral, and formulate a lifetime prediction model based on these modeling
outputs and experimental data.

o Synthesize Cu-Al bond samples with less than 5% void fraction and subject these samples to
accelerated thermal cycling. Explore the bonding strength of the Cu-Al bond with the same coupons
used in the sintered silver samples and finalize the configuration of the Cu-Al bond samples for
thermal cycling.

Approach
Sintered Silver
o Pressureless sintering

Two types of sintered silver pastes—synthesized using the pressureless sintering approach— were explored.
Sintered silver paste purchased from NBE Tech and an industrial partner was used to bond 4-pum-thick silver-
plated copper and Invar coupons that were 25.4 mm (1 inch) in diameter and 2 mm in thickness. Cu and Invar
were chosen as the adjacent coupons materials due to their large CTE-mismatch, and so under thermal cycling,
the high stress induced on the sintered silver bond would eventually result in its failure. Sample fabrication
with the silver paste from NBE Tech was conducted at VT, while the other paste was used to develop samples
at NREL. Also, three different bond diameters (10 mm, 16 mm, and 22 mm) were synthesized at VT, whereas
a single bond diameter (10 mm) was followed across the samples at NREL. The two pastes differed mainly in
their microstructure, additives, and solvent composition. Consequently, different sintering profiles, as shown in
Figure 1.14.1, were adopted for these pastes. A schematic of the circular samples for reliability evaluation is
provided in Figure 1.14.2.
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Figure 1.14.1 Pressureless sintering profile at VT (left) and NREL (right)

Electric Drive Technologies Research 117



Electrification - Electric Drive Technologies

After sample synthesis and prior to thermal cycling, the bond quality of these samples was assessed using C-
mode scanning acoustic microscope (C-SAM). Most of these samples at VT had an initial void fraction greater
than 20% and as such, by definition, failed. Nevertheless, these samples were subjected to thermal cycling to

see if the existing voids or cracks would propagate under those conditions and thus calculate the rate of crack
growth. These C-SAM images are shown in Figure 1.14.3.

Figure 1.14.2 Circular coupons (®25.4mm) for reliability evaluation - Cu (bottom) bonded to Invar (top) using sintered silver

Figure 1.14.3 C-SAM images of pressureless sintered silver samples fabricated at VT (left and center) and NREL (right)

Pressure-assisted sintering

In addition to the pressureless sintering approach, the impact of applying a mild pressure on the silver paste
during the sintering phase of the synthesis process was explored. The same sample structure as described
above for pressureless sintering was adopted for pressure-assisted sintering. The sintering profile that was
selected based on the bonding quality of trial samples is shown in Figure 1.14.4. Two different pressures—3
MPa and 10 MPa—were applied. Identical to the pressureless phase, samples with different bond diameters—
22 mm, 16 mm, and 10 mm—were fabricated to study the impact of geometrical variations on the loading
scenario and thus the crack initiation and propagation behavior in the sintered silver layer. The bond thickness
in each sample was measured and varied between 110 um and 140 pum. Overall, the pressure-assisted sintering
process resulted in much better bond quality as indicated by the C-SAM images in Figure 1.14.5. It is to be
noted that samples with pressure-assisted sintering profile were fabricated only at VT. Both pressureless and
pressure-assisted samples were subjected to a thermal cycle of -40°C to 200°C.
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Figure 1.14.4 Pressure-assisted sintering profile
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Figure 1.14.5 C-SAM images of pressure-assisted sintered silver samples fabricated at VT. Bond diameter of 22 mm (left),
16 mm (center), and 10 mm (right)

Figure 1.14.6 shows the round sintered silver samples arranged on a thermal test platform for thermal cycling.
Custom alterations were made to the platform to enable uniform heating and cooling for all the samples under
thermal cycling. A thermocouple was used to monitor the temperature to ensure that the desired thermal
cycling profile targets were followed within acceptable variance.

Thermomechanical modeling

Figure 1.14.6 Round sintered silver samples arranged on a thermal platform for thermal cycling

Non-linear finite element analyses were conducted on the circular sintered silver samples to compute various
theoretical parameters such as stress, strain, and strain energy density and how these vary as the stiffness of the
overall sample is altered. The sample stiffness was changed by varying the thickness of the Cu and Invar
coupons. Simulations were run in ANSY'S, and the results reported are accurate to within 2% after mesh-
independence. These output parameters offer an insight into the reliability of the sintered silver material and
combining them with the cycles-to-failure experimental results would result in the formulation of lifetime
prediction models.

Cu - Al transient liquid phase bond

A transient liquid phase bond was developed at Georgia Tech using a Cu-Al eutectic (Pahinkar et al. 2018),
which can be used as a bonded material in high-temperature power electronics applications. To create this
bond, Cu and Al foils are joined in a specific bulk ratio and heated above their eutectic point, but below the
melting temperature of the constituent metals. While this material has demonstrated potential for high
reliability under certain specific configurations in other projects, its reliability—when used for bonding in
CTE-mismatched samples under a thermal cycle of -40°C to 200°C—needs to be evaluated. To this end,
attempts were made at Georgia Tech to bond Cu-Al alloy between Cu and Invar coupons; however, the weak
diffusion between the Invar and Cu-Al alloy resulted in poor samples that delaminated even prior to thermal
cycling. The current proposed plan is to synthesize a Cu-Al bond between Cu and AlSiC coupons and then
subject the samples to thermal cycling at NREL.
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Results
Reliability evaluation

Pressureless sintering

Figure 1.14.7 C-SAM images of pressureless sintered silver before (left) and after 10 thermal cycles (right) - Cu-side images
(top) and Invar-side images (bottom)

Figure 1.14.7 shows the C-SAM images of the pressureless sintered silver samples that were fabricated at
NREL prior to thermal cycling and after 10 cycles. These images show that while a solid bond was obtained
between the sintered silver and the Invar coupon, voids or minor cracks existed at the other side and directly
resulted in a higher rate of crack propagation. The white patches surrounding the bond region in the images
prior to thermal cycling likely correspond to the presence of traces of organic solvents that did not dry out
completely in the synthesis process. As these samples failed in 10 cycles, additional samples were made using
the same sintering profile and subjected to slightly less severe thermal cycles from -40°C to 175°C and -40°C
to 150°C; however, the C-SAM images of these samples indicated a similar result with clear signs of cracks
occurring in just 10 cycles.

Pressure-assisted sintering (3 and 10 MPa)

In the case of pressure-assisted sintered silver samples, a good bonding was achieved at the interface between
the Cu and Invar coupons where most of these samples showed less than 3% voiding or cracking. However,
when subjected to thermal cycling, cracks initiated and propagated to beyond the failure criterion of 20% in
less than 50 cycles regardless of the bond diameter, as shown in Figure 1.14.8. Failure in these samples may
have occurred in 10 or 20 cycles, similar to the pressureless case. From the C-SAM images in Figure 1.14.8, it
is evident that on the Cu side, cracks initiated at the periphery of the bond and propagated towards the inner
regions whereas cracks within the bond with no connection to the outer edge were present on the Invar side.
Also, a few speckled white patterns can be spotted on the Invar side, which possibly indicates the occurrence
of multiple uncorrelated crack formations.
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Figure 1.14.8 C-SAM images of pressure-assisted sintered silver before (left) and after 100 thermal cycles (right), Cu-side
images (top) and Invar-side images (bottom)
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Figure 1.14.9 Crack growth in pressure-assisted samples (3 MPa)

Figure 1.14.9 shows the measured crack growth at cycling intervals in samples on which the applied sintering
pressure was 3 MPa. Data obtained from all three bond diameter cases are presented. A common observation
among these three cases is that despite the high rate of crack propagation in the first 50 cycles, crack growth
occurred at a relatively lower pace from 50 to 100 cycles. This observed shift in crack growth rate could be due
to the reduction in stress that is induced on a failed sample as compared to a solid bond. The initiation and
propagation of cracks in the sintered silver layer within the first 50 cycles led to a weak contact at the interface
between the bond and the adjacent coupons, thereby disrupting the stiffness of the entire configuration. Thus,
the bond layer became less constrained by the adjacent coupons under thermal cycling and as a result, the
stress values dropped.
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Failure Mechanisms

To understand the failure mechanisms occurring within the sintered silver layer under thermal cycling, a few
samples were cross-sectioned and high-resolution microscopic images taken. Figure 1.14.10 shows the cross-
sectional image of a sample with a sintering pressure of 3 MPa and a bond diameter of 16 mm after completing
100 thermal cycles. A detailed observation of this figure reveals the presence of adhesive and cohesive failure
modes within the bond layer. The zoomed-in figure on the right side indicates a connection between these two
failure modes which therefore are not mutually exclusive events. In this case, the crack likely occurred first at
the interface between the silver plating on the Cu coupon and the bond layer, propagated to the other side in a
near-vertical path and then continued through the interface between the silver plating and the Invar coupon.
The vertical trajectory of the crack possibly forced its extension into the silver plating on the Invar side.
Similar failure patterns were observed for other sample types as well.

Figure 1.14.10 Cross-sectional image of a pressure-assisted sintered silver sample

Thermomechanical Modeling

Simulations were performed in the ANSYS Workbench platform to compare the impact of the thickness of the
adjacent coupons on the sintered silver layer. A thermal cycle load of -40°C to 200°C was applied on the
model four times in succession based on a convergence study. After solution, the volume-averaged strain
energy density of the entire bond pad region was computed for the different cases. The major effect of
reducing coupon thickness is to minimize the stiffness of the overall sample configuration, and based on the
results in Figure 1.14.11, a longer lifetime can be extracted from the sintered silver samples by altering the
thickness of Cu and Invar coupons to 1 mm. Also, the difference between the two cases is more apparent at
larger bond diameters. Another possible benefit of reducing the coupon thickness is inducing distinct and
separate crack propagation rates between samples with different bond diameters as opposed to the 2-mm-thick
cases, as shown in Figure 1.14.9.
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Figure 1.14.11 Strain energy density results of sintered silver samples
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Conclusions

Power electronics packaging for safe operation of wide-bandgap devices at high temperatures is a challenging
research goal. This project is focused on the mechanical characterization, reliability evaluation and lifetime
prediction of bonded materials to determine their applicability in high-temperature packaging. The bonded
materials of interest are sintered silver, sintered copper, and a transient liquid phase Cu-Al bond.

Experimental evaluation of the reliability of sintered silver material bonded between CTE-mismatched
coupons were conducted through accelerated thermal cycling. Samples fabricated using different sintering
profiles—pressure-less and pressure-assisted—tfailed in as few as 50 cycles despite the initial crack percentage
by area being less than 5%. Cross-sectional images of the failed samples revealed a combination of adhesive
and cohesive crack formations as the failure mechanisms. A thermomechanical modeling study explored the
impact of thickness of the sample configuration and concluded that thinner coupons are likely to result in
longer lifetime for sintered silver under thermal cycling. In addition to sintered silver, a transient liquid phase
Cu-Al bond and sintered copper are currently being explored for their reliability in high temperature
packaging.
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Project Introduction

The 2017 Electrical and Electronics Technical Team (EETT) Roadmap [1] proposes aggressive research and
development targets aimed at improving power electronics technology to enable the mass market penetration
of electric-drive vehicles. Achieving these aggressive targets will require a decrease in cost (year 2025 cost
target: $2.70/kW) and an increase in power density (year 2025 power density target: 100 kW/L) as compared
with current on-road technology. Replacing traditional silicon device-based components with more efficient
and higher temperature wide-bandgap (WBG) semiconductor device-based components will enable increasing
the power density. However, meeting the power density target will also require innovative thermal
management solutions to increase the heat fluxes dissipated and allow for compact electronics packaging.

This project conducts research to develop new power electronics thermal management technologies to increase
power density, enable high WBG temperature operation, and decrease cost. One of the main challenges to
achieving high power densities is associated with packaging of high-temperature (250°C) WBG devices near
lower-temperature-rated components (e.g., electrical boards and capacitors). Additionally, the high junction
temperatures of the WBG devices will result in large temperature gradients through the power module layers
that will present reliability challenges and require higher-temperature substrates and bonding materials.

This project also supports a collaborative research effort between NREL and John Deere to research and
develop advanced cooling technologies (two-phase cooling) for power electronics in heavy-duty vehicles. This
work is part of a collaborative research and development agreement (CRADA) and, due to the proprietary
nature of the work, the results of this task are not provided in this report.

Objectives
The primary project objective is to develop thermal management technologies to enable achieving 100-kW/L
power density target. Additional project objectives are to:

e Develop cooling solutions that enable high-temperature (250°C) WBG operation and low-temperature,
low-cost capacitors

e Decrease cost by proposing low-cost cooling technologies that enable decreasing the number of
semiconductor devices and use automotive-qualified fluids (e.g., water-ethylene glycol [WEG],
transmission fluids [ATF], or air-conditioning refrigerants).

Approach

A power electronics thermal metric that is predicted to enable reaching a power density of 100 kW/L was first
computed and used as a design target for the power electronics heat exchanger. The thermal target was defined
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in terms of a volumetric thermal resistance metric where the junction-to-coolant thermal resistance was scaled
by the cold plate and power module volume requirements. The volumetric thermal resistance target value was
computed to be 21 cm?-K/W, and the predicted heat load for a 100-kW WBG inverter was estimated to be
2,150 W [2]. Modeling analyses were then conducted to evaluate different cooling technologies and identify
the best-performing cooling strategy. The selected cooling configuration was designed and optimized to meet
the thermal target using detailed computational fluid dynamics (CFD) and finite element (FE) simulations. The
optimized design was then fabricated via 3D printing for experimental validation.

Results

Designing the Dielectric Fluid Heat Exchanger

Prior work (see [2]) compared the thermal performance of various power electronics cooling strategies and
identified a dielectric-fluid (single-phase heat transfer) cooling concept as a promising thermal configuration to
enable greater power density. Dielectric fluids have poor properties compared to WEG (a typical power
electronics coolant), but they enable a redesign of the power module that allows for a decrease of the package
stack conduction resistance and thus a decrease in the junction-to-coolant thermal resistance. Dielectric fluids
also enable direct cooling of the electrical interconnections within the inverter, which can be an effective
method to reduce capacitor and electrical board temperatures. Alpha 6 dielectric fluid was used for most of the
modeling work. AmpCool-100 is another potential dielectric fluid that is being considered. Ultimately, ATF
would be an ideal coolant because it is readily available on a vehicle and enables integrating the inverter with
the motor; however, its dielectric properties are not fully understood. It should be noted that all the fluids listed
above can only be used for single-phase cooling applications.

The dielectric fluid cooling concept eliminates the metalized ceramics substrates that are typical in power
modules and impinges dielectric fluid jets on heat spreader plates bonded to the devices (Figure 1.15.1). The
heat spreader plates have a dual functionality as both heat spreaders and electrical conductors. Fins are
fabricated on the heat spreader to increase surface area and heat transfer (fins are not shown in Figure 1.15.1).
CFD was conducted to optimize the fins structures to increase heat transfer and minimize pumping power.
Smaller unit-cell models were used for the CFD analysis to decrease computation time. Once optimized (via
the unit-cell model), the final fin design was used for the larger device-scale and inverter-scale (12 device)
models.

Dielectric fluid

Electrical l
lead

Inexpensive dielectric material

Figure 1.15.1 Schematic showing the dielectric fluid cooling strategy for a planar-style module.

Figure 1.15.2 shows the thermal resistance versus pumping power (flow rate x pressure drop) results from the
CFD optimization analyses using Alpha 6 dielectric fluid at 7j..; = 65°C. The thermal resistance (R ;) is the
resistance computed at the fin base and is defined by the equation below.

_ Areafin base( Tfm base inlet)

R’th =
Heat
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where Area fin pase 18 the surface area computed at the fin base, which includes the area of the channel and fins;
T fin base is the area-averaged temperature computed at the fin base; T i is the fluid inlet temperature; and
Heat is the heat dissipated. The results show that thinner fins are ideal because they produce lower thermal
resistance (enabling higher fin densities) and lower pumping power (allowing for larger channel sizes). Based
on these results, a fin thickness (wy) of 0.2 mm was selected. Thinner fin geometries (wy< 0.2 mm) may provide
better performance but would likely not have the mechanical strength required for reliable operation. Figure
1.15.2 also shows the effect of fin height (%) on performance for a 0.2-mm-thick fin. These results indicate that
increasing the fin height beyond 4 mm does not produce any significant enhancements and thus 4-mm-tall fins
were selected. Figure 1.15.2 shows the effect of varying the minor slot jet dimension (w;) while keeping the fin
dimensions constant (wy= 0.2 mm, w,. = 0.43 mm, #y= 4 mm). The major slot jet dimension was maintained at
10 mm for all cases—equal to the finned area footprint. The results show that increasing the slot width from 1
mm to 1.75 mm provides lower thermal resistance when compared at the same pumping power. Based on these
results, a slot width of 1.75 mm was seclected.
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fin thickness (i) { g 3 fin height (7 4 | white: 2mm H slot width (n) o 125 mm
g & + 1 mm g-z-:- gray: 4 mm El ; A5 ety
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Figure 1.15.2 CFD results showing the effects of varying the fin thickness (left), fin height (middle), and the slot jet width
(right).

The effect of channel size (w,, distance between fins) is more complex with smaller channels decreasing thermal
resistance at the expense of higher pumping power. The channel size was selected so that its thermal resistance
provided 7; <250°C under the maximum heat load condition of 2,150 W (assuming two devices per switch for a
three-phase inverter—12 devices total). FE analysis of the planar package provided the target thermal resistance
value required to achieve 7;<250°C. Two channels sizes were
selected that meet the thermal resistance condition—0.3 mm and
0.43 mm. The CFD-predicted thermal resistance values for the 0.3-
mm- and 0.43-mm-wide channels were 44 mm*-K/W and 58 mm?-
K/W, respectively (for wy= 0.2 mm, 4= 4 mm, ws = 1.75 mm).
Most of the simulations were conducted using the 0.43-mm-wide
channels because that design requires a lower pumping power.

Temperature

A device-scale CFD model (half-symmetric model) was run using
the final design (fin, slot jet, channel) dimensions to compute the
maximum junction temperatures. The model used a 5x5x0.18 mm
silicon carbide (SiC) device placed between two 2-mm-thick copper ic1

plates. Alpha 6 fluid at T e = 65°C impinged on the top finned heat  Figure 1.15.3 CFD temperature contours for the
spreader plate at an average, relatively low, jet velocity of 0.3 m/s. At ~optimal fin and slot jet design using the device
the maximum heat load (heat flux = 716 W/ecm?, 2,150 W distributed scale model. Model predicts 220°C Taximum
between 12 devices) the maximum junction temperature is predicted Junetion tempera;c]téi; ?Ituz.lii W/em device
to be 220°C (Figure 1.15.3).
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CFD modeling was used to design a heat exchanger to deliver dielectric fluid to 12 devices (inverter-scale heat
exchanger). The concept was to design the heat exchanger with 12 slot jets—one per SiC device. The total
flow rate requirements for the heat exchanger are 4.1 lpm to provide an average jet velocity of 0.3 m/s for all
12 jets. Extensive modeling was conducted to design the internal channels to evenly distribute dielectric fluid
to the 12 SiC devices and to minimize the pressure drop. Figure 1.15.4 shows the flow distribution for the final
design where a +5% flow variation is predicted.

0.40

Flow rate [Lpm]

Slot jet

Figure 1.15.4 CFD-predicted flow distribution for the 12 slot jets. A £5% flow variation is predicted.

A computer-aided design (CAD) image of the final heat exchanger and power module concept is shown in
Figure 1.15.5. The total volume for the conceptual inverter and heat exchanger is 120 ml. The 2018 Power
Electronics Thermal Management Report [2] estimated that the total volume for the power electronics and heat
exchanger needed to be < 240 ml to achieve the 100-kW/I inverter power density target; therefore the current
design meets the volume requirements. Figure 1.15.6 shows the CFD-computed temperatures for the 12
devices for the inverter-scale CFD model using Alpha 6 at T, = 65°C and a total flow rate of 4.1 Ipm.
Maximum junction temperatures are predicted to be 222°C for the 2.2 KW of heat dissipation and 716 W/cm?
device heat flux. A 2°C temperature variation between the devices is predicted and is associated with the flow
variations shown in Figure 1.15.6. The total pressure drop from the inlet to the outlet is predicted to be minor
(2,214 Pa, 0.32 psi) resulting in a pumping power of 0.2 W. Compared to the 2014 Honda Accord Hybrid [3],
the dielectric fluid heat exchanger has 50% lower specific junction-to-coolant thermal resistance (per device
area) and 80% lower pumping power. The thermal resistance combined with the total volume (120 ml) for the
conceptual inverter and heat exchanger results in a volumetric thermal resistance of 8.7 cm>-K/W. The
volumetric thermal resistance of the dielectric-fluid heat exchanger outperforms (is lower) the 21 cm?®-K/W
thermal target, and for this reason, it is predicted to enable reaching an inverter power density of 100 kW/I. A
Record-of-Invention has been submitted to describe the dielectric-fluid cooling concept.

inlet

Figure 1.15.5 CAD drawing of the heat exchanger designed to cool 12 (25 mm?2) devices (left). 3D printed heat exchanger
fabricated for experimental validation (right). Total volume for the conceptual heat exchanger and power module is 120 ml.
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Figure 1.15.6 Temperature contours for inverter-scale (12 devices) CFD simulations for 2.2 kW of heat dissipation (716
W/cm2 per device) and total flow rate (Alpha 6 fluid) of 4.1 Ipm. Maximum junction temperatures of 222 °C are predicted.

Experimental Validation

A prototype of the dielectric fluid heat exchanger was 3D printed out of polycarbonate to experimentally
measure its performance and confirm the model results (Figure 1.15.5). The prototype is composed of two
parts. The lower half is the heat exchanger that distributes the fluid to the 12 devices (white component in
Figure 1.15.5) and the top part (black component in Figure 1.15.5) holds the finned heat spreader plates (fins
facing downward within the heat exchanger) and simulates the power electronics. The prototype used O-rings
to provide a fluid seal between the various components. It should be noted that although 3D printing was used
for the prototype, the design can be fabricated using more conventional mass-manufacturing methods (e.g.,
injection molding).

Figure 1.15.7 shows an image of the finned heat spreaders (wr= 0.2 mm, w. = 0.43 mm, and 4= 4 mm)
fabricated using Wolverine’s MicroCool Technology. The fins are somewhat angled, and their dimensions
slightly vary from the model design. Future tests will reveal the effect of these manufacturing variations on
performance. Cartridge heaters embedded within oxygen-free copper blocks were used to simulate the heat
from the SiC devices. Four cartridge heaters are inserted into each copper block (using thermal grease), and a
total of three copper blocks will be used to simulate the 12 SiC devices during the experiments. The copper
block design includes “foot” extensions below each cartridge heater that are the same footprint as the 5x5 mm
SiC they represent. Two thermocouples are inserted into holes machined into the 55 mm protrusions to
measure temperatures and compute heat for each heater assuming 1D, steady-state heat transfer. The copper
blocks are soldered to the smooth side of the finned heat spreader. Figure 1.15.7 shows an image of the copper
block and FE analysis (FEA) temperature contours for the 716 W/cm? heat flux condition.

A
cortridge heater

copper block Fhmm

/!l’ thermocouple
Sx5mm holes (2] L

Figure 1.15.7 Image of the finned (wf = 0.2 mm, wec = 0.43 mm, and hs = 4mm) heat spreader (left) and cartridge heater
block (middle). FE-analysis-predicted temperatures for the cartridge heater block at the 716 W/cm?2 heat flux condition
(right).
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A new flow loop was fabricated to measure the thermal performance of the heat exchanger using dielectric
fluids (Figure 1.15.8). The flow loop was designed to accommodate various fluids and can control the fluid
flow rate and temperatures (-40°C to 100°C). A LabVIEW program was written to control and monitor the
experiments. A 3.5-kW DC power supply, controlled via LabVIEW, is used to power the 12 cartridge heaters.
Initial experiments with the dielectric fluid heat exchanger have shown good energy balance between the total
power supply output, a summation of heat computed through the 12 cartridge heaters (measured via
thermocouples embedded in the copper blocks), and the sensible heat gain from the fluid. Tests are currently
underway to characterize the thermal performance of the heat exchanger.

1 Reservoir with
internal heat
exchanger coil

3D
printed
cold
plate
pump
with
flow Speait
meter control

Figure 1.15.8 Picture of the dielectric fluid flow loop fabricated and used to measure the thermal performance of the
dielectric fluid heat exchanger. The flow loop can accommodate various dielectric fluids and can control fluid temperatures
and flow rates.

Short-Circuit Evaluation

A transient thermal model was created to evaluate the temperature response for the proposed dielectric-fluid
planar package cooling strategy during a short-circuit fault condition. We were interested in evaluating the
effect of top-side (source side of metal oxide semiconductor field effect transistor [MOSFET]) cooling of the
device via dielectric-fluid jet on short-circuit response time. A 1D FE transient thermal model was created that
represented a sliver on a MOSFET device and included the various micrometer-size layers (Figure 1.15.9). A
short-circuit fault condition was simulated by imposing heat at the device junction layer for two different
device configurations—dielectric fluid-top-side cooled and a conventional device (wire bond design, shown as
red line in Figure 1.15.9) with no top side cooling. Results show that the current design slightly decreases the
temperature rise during the fault condition, but the temperature decrease is relatively minor. Delaying the
temperature rise during the short-circuit fault condition likely requires modifications within the device, and any
external changes to the substrate or cooling system will likely not have a significant effect.
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Figure 1.15.9 Schematic of the 1D transient thermal FEA model (left). FEA temperature versus time results for a simulated
short-circuit fault condition (right).

Double-Side, Dielectric-Fluid-Cooled Module Evaluation for Increased Power Density

Planar-style packages eliminate wire/ribbon connections and offer the ability to cool modules on both sides.
The 2008 Lexus Hybrid [4] and 2016 Volt [5] use double-side cooled power modules, which enables
performance enhancements. However, these vehicles’ systems utilize thermal grease at the power module-cold
plate interfaces (both sides), which can be the largest single thermal bottleneck in the stack-up [6]. The use of
dielectric fluids can allow for eliminating thermal greases and greater performance enhancements. FEA was
conducted to evaluate applying a dielectric cooling strategy to a double-side-cooled planar module. Figure
1.15.10 shows FEA results comparing the performance of the current design (single-side-cooled planar
module) with that of various double-side dielectric-cooled configurations. The modeling shows that if the
convective resistance value of 58 mm*-K/W (equivalent to 17,300 W/m*-K) from the current design (single-
side dielectric fluid case) is applied to both sides of the double-side cooled modules, then the thermal
resistance can be reduced by 50% as compared to the single-side cooled case—a result of the two-fold increase
in surface area. However, if a two-phase convective heat transfer coefficient of ~100 kW/m?-K was applied to
the double-side cooled module, then the resistance can be reduced by approximately 80%. These results
indicated greater power density values beyond those predicted for the current design. Future work will be
dedicated to developing double-side-cooled strategies using dielectric fluids.

10.0

g (" single-side cooled |
8 | (currentdesign) |
g \ .
=
LT
E | Double-side |
2 cooled
L= (design
| variations) |
01
1,000 10,000 100,000

Heat transfer coefficient [W/m2-K]

Figure 1.15.10 Predicted thermal resistance for the double-side-cooled module design indicating substantial thermal
performance enhancements compared to the single-side-cooled design.
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Conclusions

Research is being conducted to develop power electronics thermal management strategies to enable reaching
100 kW/L power density (2025 DOE power density target). The project’s major conclusions are summarized
below.

e Designed (via modeling) a novel power electronics cooling configuration that uses dielectric fluid jets
impinging on a planar package that is predicted to enable reaching 100-kW/L power density. In
addition, the cooling configuration is predicted to have 50% lower thermal resistance and 80% lower
pumping power as compared with the 2014 Honda Accord Hybrid.

e Fabricated (via 3D printing) a prototype of the dielectric fluid heat exchanger and the finned-heat
spreaders for experimental validation. A dielectric fluid flow loop was fabricated to enable testing the
heat exchanger with different dielectric fluids at various flow rates and fluid temperatures (-40°C —
100°C).

e Evaluated the short-circuit fault condition response for the dielectric-fluid planar package cooling
concept. Results show that the top-side dielectric cooling concept has minimal effect (slight
temperature decrease) in delaying the temperature rise during the short-circuit condition.

e Modeled the effect of incorporating dielectric cooling (single phase and two phase) on double-side
cooled packages, which predicted significantly lower (as much as 80% lower) thermal resistance
values that will result in higher power density values.
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Project Introduction

The DOE 2025 target on electric motor power density is 50 kW/L. Such aggressive target limits the choices on
permanent magnet (PM) to the most powerful Nd-Fe-B based magnets, whose magnetic properties is strongly
temperature dependent. Better thermal stability can be achieved by adding significant amount of Co and Dy
[1]. Unfortunately, Dy is scarce and expensive. The U.S. Department of Energy (DOE) highlighted Dy as the
single most critical strategic metal not only in the U.S., but world-wide. According to the 2014 and 2019
USGS Minerals Commodities Summaries, the average price of Dy>Os3 jumped from $295/kg in 2010 to
$1410/kg in 2011, then retreated to $180/kg in 2018. Its price and availability remain volatile, with the price
back to $247 in 2019. Currently, over 70% of rare earth (RE) metals is produced in China. In 2017, some
European countries and China announced that internal combustion engine will be phased out in one to two
decades. With foreseeable large increase in the number of electrical vehicles and their dependence on
permanent magnet traction motors, the supply risk for Nd, Pr and Dy is expected to remain at high level with
their projected demand to more than double by 2030 [2]. Strategies to mitigate the RE materials criticality
issues include increasing and diversifying the supply, and reducing demand. While several mines outside of
China—in Australia, Vietnam and the US—have opened and have begun production of RE elements, the most
desired heavy RE elements, in particular, Dy and Tb, remain low in supply because none of these newly
opened mines are rich in heavy RE reserve. To reduce the demand of heavy RE elements, alternative magnet
technologies that use much less Dy have to be developed. Evidence shows that reducing the grain size of
NdFeB magnet may improve its coercivity, making it possible to use an engineering grain-refinement approach
to replace the chemistry approach where Dy is used for maintaining NdFeB’s coercivity at high temperature
[3]. We plan to take advantage of the relationship between grain size and coercivity, and develop a new type of
NdFeB magnet with ultrafine grain size.
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One viable approach to drastically increase motor power density is to increase motor speed. Although not
specified by the DOE 2025 target, 90% efficiency is a key operational limit for electric motors because less
efficient motors consume more power, impose extra load on the vehicle battery, and diminish the impact of
increasing power density. To maintain such high efficiency at high speed, the magnetic materials need to
exhibit exceptionally high electrical resistivity in order to minimize otherwise substantially higher loss caused
by the increased eddy currents. These tight constraints on materials are further tightened by the 2025 cost
target of $3.3/kW, which disqualifies most of the existing advanced soft magnetic materials (e.g., amorphous
and nanocrystalline) from meeting these requirements. It appears that one of the barriers for meeting the DOE
2025 targets of 50 kW/L power density is the lack of cost-effective magnetic materials that can run at high
frequency without excessive eddy current heating. We plan to address these materials challenges by
developing the soft magnetic (SM) materials suitable for high speed application. Clearly, a collective effort
with the CADET consortium partners on innovative advanced materials and complex system design is needed
to meet the aggressive target.

Objectives

This project will develop the PM and SM materials and their processes for high speed traction drive motors.
For PM materials, the objective is to (a) Develop fine-grain RE permanent magnet with high coercivity at high
temperature, and (b) Develop graded heavy RE-free magnet with high performance at high temperature. For
SM materials, high silicon electric steel is a good candidate to replace the current electric steel with 3.2% Si.
High Silicon steel offers relatively high resistivity (p = 82 pQ -cm), high magnetization and low cost, but it
suffers from the brittleness problem. Recent research at lowa State University and Ames Lab shows that such a
problem can be mitigated using rapid solidification techniques. The objective is to develop a processing
method that can be scaled to mass production of ductile 6.5% Si steel sheet for stator and rotor applications.

Approach

There are two approach planned for reducing the ia

critical heavy RE (HRE) elements usage in the

motor magnet while maintaining their high =

temperature performance. One is fine grain 12

approach and other is graded magnet approach. § 10 |
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coercivity for the NdFeB magnet [4]. It is g ——60um

possible to push the coercivity to beyond 20 kOe g °° P

with ultrafine grains. With such high coercivity Od 1 11— i - 1T
at room temperature, even with the typical rate 0.2 L -

of losing coercivity with increasing temperature i il

(-0.6%/K) [1], there will still be enough -1400 1200 -1000 8OO 600 400 -200 0
coercivity at the 400 K, where the high-speed Mty s Dasnomfovey

motor may operate. The challenge for the fine Figure 1.16.1 Dependence of coercivity on grain size.

grain approach is to obtain fine feedstock

powders with particle size less than 1 um; and more importantly, to keep each of the particle size small during
the sintering process. This also requires extreme care in handing to avoid oxidation. Specific efforts include
investigation of industrial-viable processing methods for synthesize feedstock powder with fine particle size (<
1 um), and methods for sintering the powder into bulk magnets without significant grain growth.

The approach for enabling 6.5% Si steel for high power density motor application focusing on making wide
sheet using the planar flow casting method, which is traditionally used for manufacturing amorphous and
nanocrystalline materials where rapid cooling rate is essential for preventing grain growth. For 6.5% Si steel,
large grain size is preferred. The rapid cooling rate is for controlling phase formation, not for grain size. As
such, the principles and parameters for the traditional planar flow casting all need to be modified for casting
wide 6.5% Si steel sheet. Specific efforts include investigation of all process parameters and development of
equipment for mass production of ductile 6.5% Si steel sheet.
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Figure 1.16.2 Micromagnetic simulation of the demagnetization field near the permanent magnets in motor.

Synergy with other VTO efforts, especially on system design is needed to take full advantage of the new
layered PM and ultrathin highly resistive SM. Internal permanent magnet traction motors are the most compact
and efficient electric drive motors. Their optimization is a fine balance between the properties and topology of
SM and PM components and the demagnetization fields. Clearly, a new motor topology with complex flux
pattern that can take full advantage of new PM and SM is needed. The Ames team will work with ORNL,
NREL and an industrial partner (e.g., UTRC) to demonstrate the newly developed magnetics in an electric
motor.

Results

Task 1: Develop fine-grain RE permanent magnet with high coercivity at high temperature

In FY19, several powder size reduction

techniques were investigated via literature study. Efict of ball miling fime o sagniiic ropartios

A conclusion has been made that the newest dual ®
head jet-mill is likely the most viable industrial -
method for fine particle production. Efforts have ff

been made to arrange trial runs with equipment TR 10
manufacturer (Netzsch Group). While waiting S

for the trail runs using the jet-mill, Ames team — 5 AR B
has initiated the stqdy on the' effect of finer size e i : é
powder on magnetic properties and used the =
conventional ball milling method to obtain finer 3
particles. Longer ball-milling time were used to BM3h Th  Sh 11k
produce finer powders. The obtained powders :'qm i is: e B2
were aligned, compacted, and sintered to B
obtained bulk magnet with different grain sizes. Lo
Figure 1.16.3 shows the MH curves of the bulk Bcllalh L Ml S8 Sl Shshed L O
magnets (8 grams each) prepared using the -

feedstock powder that were ball milled from 3 to Figure 1.16.3 MH curves of the bulk magnet prepared using
11 hours. It shows longer the milling time, feedstock powders that were ball-milled for different time. The
smaller the particle sizes and higher the longer the ball milling hours, the finer the particle size.

coercivity. This result validated the overall fine
grain approach to improve coercivity. Note that the feedstock coarse powder purchased from Magna-quench is
rated at N45 with (BH)max 42-45 MGOe. Ames team was able to obtain 43.6 MGOe after careful processing of
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this powder. This result qualifies the facility and the processes developed at Ames lab as the state-of-the art
and enables the team to carry out frontier research on permanent magnet.

Although starting particle size may be fine, sintering temperature and time can affect the grain size of magnet,
resulting in excess grain growth (and decreased coercivity) unless carefully controlled. Ames team has been
refining the sintering process for fine grain sizes and protocols for handing these powders to avoid oxidation.
With the current feedstock particle size limited to 3 um and above, the developed process can result in an
average grain size about 4 um in the obtained bulk magnet. This is a significant improvement over the typical
5 um grain size in the commercial N45 magnet. It is expected that with 1 um feedstock powder, the bulk
magnet grain size may be controlled to be under 2 pm.

Task 2: Develop graded HRE-free magnet with high performance at high temperature

In FY19, several assemblies with different combination Grade magnet 4, 1/2" cylinder (NdFeB-air or Fe-NdFe8)

of NdFeB magnet and pure Fe core were constructed and 15
tested. These models will be used to validate the r—— - 13
micromagnetic modeling which will be performed, in [ =
part, in collaboration with ORNL. Table 1.16.1 shows the @;‘:E?ﬂj : 7
configuration and the overall magnetic performance —Grade 1/ 2inw/ Fe i
obtained using the Hysteresisgraph Tracer allowing MH 1=
loop characterization for the whole assembly. The red it biie e i ok ie s inBicioh™ g
curve of the assembly with NdFeB-shell and Fe-core in 3 : =
Figure 1.16.4 shows large kink in the second quadrant, i i
indicative of significant magnetic decoupling. Note that : 3
with hysteresisgraph tracer, the external magnetic field — _J :;
was applied to the whole assembly, which does not S

reflect the demagnetization field that the magnet
experiences during the motor operation. Although the
observed decoupling behavior may not have a large
adverse impact on magnet’s performance for motor, it
must be corrected through a combined effort of
micromagnetic modeling, in-situ testing, and materials
combability study. It is expected that through metallurgical bonding between the high coercivity shell and low
coercivity core, this decoupling behavior can be reduced. In addition, a proper evaluation tool allowing the
application of localized demagnetization field as well as localized magnet response is needed.

H (kOe)

Figure 1.16.4 MH curves of the assemblies listed in Table
.1.16.1.

Table 1.16.1 Magnetic Properties of the Magnet Assembly with Different Configuration.

i B B

air, one NdFeB Fe core, one Fe core, two
Magnet Configuration NdFeB Maget only disc at top and NdFeB disc at top NdFeB discs at
bottom and bottom top and bottom
Br, kGs 13.2 12.2 12.7 13.2
Hch, kOe 12.3 10.7 9.8 10.6
Hcj, kOe 13.7 12.2 12.0 12.8
(BH)max, MGOe 42.5 33.7 29.7 34.8
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Task 3: Development of cost-effective manuracturing process for high performance soft magnetic
materials in thin sheet form

The challenge for enabling 6.5%S:i steel for mass production of thin sheets lies in the continuous production of
wide ribbon using planar flow casting method. Such method has been widely used for producing amorphous
and nanocrystalline materials, whose melting point is typically less than 1400 K. In the case of 6.5%Si steel,
the melting point is 1750°K. Such high temperature put excessive thermal load to the system. In FY 19, Ames
team successfully demonstrated the fabrication of 10 mm wide ribbon using the small melt-spinner (as shown
in Figure 1.16.5). The main challenge in developing this process is the scaling up from 10 mm to 50 mm and
the load from 10 gram to kilograms and beyond. The crucible orifice is too large to hold the liquid during
prolonged heating; the induction coil is not powerful enough to liquefy the whole steel ingot in time; the
induction coil and the cooling water line interconnect is not rigid enough at elevated temperature; the main bus
bar overheats due to high heating power. All of these issues have all been addressed. For example, a new
crucible with two-body design and multiple small orifice was deployed and tested successfully for holding the
melt. New thermal insulation and heat deflector were added to the system to mitigate the overheat problem.
Long catching tube extension was installed to allow hot melt-spun ribbon to cool down before they can fuse
together. A muffin fan was added to the bus-bar area to cool down the hot bus-bar when the system is at its
90% power output. The cooling line was replaced with new tubed with higher temperature rating. A new
charge loading scheme was developed allowing efficient use of the heat power from the induction coil. And a
new induction coil geometry was implemented to deliver power to the charge more efficiently. With these
modifications, the team expects to produce the first batch 50 mm wide ribbon in November 2019.
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Figure 1.16.5 a) the large melt-spinner capable of producing 500 gram thin sheet steel; b) the 10 mm ribbon of 6.5% Si
steel prepared using only 10 gram of ingot; c) The new two-body crucible design allowing quick change of orifice; d) new
muffin fan for bus-bar and modified cooling lines; e) newly added insulation materials to protect cooling lines from radiation
heating by the coil; f) the custom designed BN crucible.
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Conclusions

In FY19, Ames team has been working the magnetic materials for the next generation high power density
motor. Three efforts aimed at improving coercivity of PM through gran size refinement, reducing HRE usage
through graded architecture, and reducing eddy loss in stator by enable highly resistive 6.5% Si steel were
carried out. Direct observation of the desired effect of fine grain on coercivity was achieved; capability for
fabricating high performance NdFeB magnet was established; graded magnets were assembled with key issues
identified; and significant modification to the melt-spinner allowing fabrication of 50 mm 6.5%Si steel ribbon
were completed.
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Project Introduction

This project focuses on two key aspects of advancing electric drive technologies: integrated circuits and power
electronic packaging. As part of the electronics portion of the team, this project seeks to provide technologies
that enable new advances in power density. The first technology effort is integrating gate driving, sensing, and
protection functions into the various packaging platforms that will be pursued by the team. Several
technologies are possible, but the most advanced is silicon carbide (SiC) based integrated circuitry that can be
co-packaged with the SiC power devices. The team will pursue designs that serve the specifications of the
target electric drive train, but can survive at junction temperatures expected to enhance power density while
maintaining robustness and resiliency.

The second technology effort is in advancing electronic packaging for electric drive train applications. Getting
the most out of the advances in wide bandgap power semiconductor devices requires attention to careful
packaging to minimize electrical parasitic influences on circuit performance and generated electromagnetic
interference. Thermal management of the power devices and the surrounding circuit components must also be
carefully managed. This leads to tradeoffs in the layout, arrangement, and interconnection of electronic
components to balance these items. This effort will be performed in collaboration with several other
organizations to achieve the objectives of power density improvements for electric drives.
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Objectives

The objective of the project is to research, develop, and test a heterogeneously integrated power module
platform that will insert into a traction inverter system for power electronics modules capable of the following:

Table 1.17.1 Power Electronics Requirements

Power Electronics Requirements

Parameter Measure
Cost ($/kW) <2.7
Power Density (kW/L) 2100
System Peak Power Rating (kW) 100

During the first budget period, the project focuses on advanced SiC module packaging architectures,
performing a trade-off study of these architectures, and performing initial IC designs. Activities to support
these investigations include:

e  Model-based module architecture study and comparison

e Stacked SiC module and flip-chip module FEA analysis, process preparation, dummy module
fabrication

e Selection of decoupling capacitors for integration

e Process/material system preparation and validation

e Integration method study and integrated module design

e High-temperature integrated circuit design in preparation for heterogeneous integration.

Approach

The approach to the packaging research is to review the literature and propose architectures for tradeoff
analysis while also collaborating with ORNL, NREL, and Virginia Tech on materials, thermal management,
and layout ideas/constraints as they emerge. The UA team broke down its activities into the following tasks
and subtasks for packaging (taken from the Statement of Project Objectives or SOPO):

Task 1.1 — Advanced SiC module architecture study
Subtask 1.1.1 — Literature survey and model-based comparison of potential module architecture

Subtask 1.1.2 — Literature survey and simulation validation to investigate module architecture and its
motor drive converter-level impacts

Subtask 1.1.3 — Literature survey and simulation validation of potential integration scheme and
justification of benefits/disadvantages for different integration methods

Subtask 1.1.4 — Investigation into best capacitor technologies for in-module integration

Subtask 1.1.5 — Process and material system design and testing/validation for potential advanced module
structures

Subtask 1.1.6 — FEA modeling and validation for potential advanced module structures
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These activities will promote our efforts in determining weak links in any proposed, tightly packed
arrangement of power devices, integrated circuits, passives, and sensors. The primary deliverables from this
year’s activity will be test coupons and other evaluative structures to determine the efficacy of components,
materials, and fabrication steps that have to be arranged in a package fabrication and assembly flow.

The approach to the IC design and sensors research activity is to continue to build momentum from previously
funded projects. The UA has pursued SiC integrated circuit design activity for about 8-10 years [1]-[35]. Based
on these efforts, the UA will develop new designs specific to the electric drive train requirements. While the
world struggles to produce SiC ICs with any high degree of robustness, the UA will simultaneously pursue
alternate options in silicon-on-insulator (SOI) technology to mitigate risk. These subtasks were defined for the
IC activity:

Task 1.2 — High temperature gate drive and protection circuit IC design
Subtask 1.2.1 — Circuit design and simulation for SiC gate drive circuits
Subtask 1.2.2 — Determine protection scheme, and circuit design and simulation for protection circuits

Subtask 1.2.3 — Determine gate driver power supply requirements; investigate on-chip and in-module
integrable power supply options

Subtask 1.2.4 — SiC high temperature gate drive, protection, and power supply circuit IC layout design;
preliminary design review and layout

Task 1.3 — Sensors and interface circuits

Subtask 1.3.1 — Design and layout of sensor interface circuits; Test structures for temperature and current
sensors, devices, and on-chip passives; preliminary design review and layout

These research activities will lead to requirements and specifications reviews that ensure that our circuit design
team is pursuing the right targets. The subsequent design reviews will ensure that our designs are meeting
those targets. The primary deliverables in the first year are the design review documents reflecting the
requirements, specifications, and designs as we know them to that point. Of course, in a large project with
many moving parts, specifications may change and the IC design team will have to adapt to those changes.

Results

The UA packaging team has been performing literature reviews on state of the art module architectures.
Today, with the advancements in WBG devices, the main limitation for full utilization of the WBG advantages
[36] and [37] is the packaging technology that not only should improve but should revolutionize the size,
weight, thermal and electrical performance of the power modules.

The integration level, layer structure, the proposed interconnection methods especially suitable for designing
compact power modules, stray inductance minimization and the power module system compatibility are the
most important topics in power electronic module studies and literature review.

The integration of the gate driver inside the power module is trendy and brings great advantages especially in
WBG-based power modules that high switching frequency is one of the main requirements for power density
purposes. In [38]-[46], power module structures with this purpose are proposed. For instance, in [38] the gate
driver is soldered directly on the DBC of a traditional single-sided power module at the same level with the
power circuit, then the parasitic interference between the power circuit and driver circuit that results in false
turn-on of the switches is analyzed. Three methods are introduced to prevent this issue: (a) adding capacitance
on the control stage which might end up reducing the switching speed, (b) minimizing the capacitance on the
DBC layout which will require more advanced soldering equipment for the drivers, and (c) additional shielding
layer in which the driver circuit is not at the same level with the power circuit. The last method is the best way
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to eliminate the crosstalk. Other than these parasitic issues, however, soldering the surface mount devices
(SMD), especially the driver itself on the DBC is cumbersome and can have reliability issues.

To solve this problem, authors in [39] have used a substrate for the power circuit and a separate PCB for the
drivers. Both the substrate and PCB sit next to each other inside the power module package and are wire-
bonded to each other. Using a PCB for the gate driver inside the power module makes the soldering process
much easier. More importantly, the mentioned crosstalk between the driver circuit and power circuit can be
totally mitigated. The problem with such a design, however, is that the power module is still single-sided.
Conventional wire-bonding method is used in the proposed power module that has reliability issues and
increases the stray inductance that prevents full utilization of the features that are only introduced by WBG
devices. In [40] and [41], the PCB is molded on the substrate or the devices are placed directly inside the
internal layer of the PCBs, respectively.

In [42], a double-sided power module is proposed with the DBC+PCB+DBC structure. IGBTs are used as the
power module bare dies; and are stacked at both sides of the PCB which is at the middle of the power module.
In this power module structure, the bare dies are soldered on the DBCs from one side, but conductive glues are
used for the opposite side to connect their gate and source pads to the PCB. This structure minimizes the stray
inductance and has a simple fabrication procedure. Integration of the gate driver with the power module can be
done easily thanks to the use of PCBs. The rest of the SMD components used for parasitic mitigation and in
gate driver board can be soldered on the same PCB to improve the overall operation of the power module. The
structure, however, should deal with the CTE mismatch. The other issue is that, although the power module
has a double-sided structure, but the bare dies can cool down only from the DBC side, and in fact may get
more heat from the bare die on the other side of the PCB because the bare dies are stacked at the Z-direction.
Also, the connection of the bare die to the PCB that is done by a conductive glue needs more investigation.
Conductive glue has thermal cycling issues and have high thermal and electrical resistance which will increase
the losses and detriment the power module reliability.

In [43], a DBC is used as a power loop and a PCB is used as both power loop and driver loops. In this
structure, windows are created inside the PCB such that the DBCs can be placed inside the windows and
attached to the PCB. The gate and source pads are wire-bonded to the PCB. By this method, the CTE
mismatch problem between the bare dies and PCB will be mitigated. But because of wire-bonding, it is
difficult to use it in a double-sided power module structure.
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Figure 1.17.1 Simplified SiC CMOS gate driver schematic and layout with programmable drive strength.

Based on the on-going literature survey of the previously proposed power modules, two new structures of
power electronic modules are proposed up to now. The feasibility of these power module structures is under
investigation by fabricating dummy parts for these structures.
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The UA IC design team has been actively designing gate drivers and protection circuits in Fraunhofer’s 1 pum
SiC CMOS process. This process is under development and the UA currently is fabricating its second run. The
first run had poor yield, large threshold voltages, and generally poor performance from the p-channel devices.
Further, there were some fabrication issues involving ohmic contacts that prevented the devices from having
the required current drive capability needed.

As a mitigation step, the IC design group submitted for fabrication a set of SOI chips to determine how well
they would perform. These chips were fabricated by XFAB and are now under evaluation.
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Figure 1.17.2 Simplified SiC NMOS gate driver schematic and layout with programmable drive strength.

These fabrication runs were in process before this project started and yet subsequent runs will benefit from the
results obtained. Two variants of gate driver circuitry were recently submitted for fabrication. These simplified
schematics and layouts are shown in Figure 1.17.1 and Figure 1.17.2. Figure 1.17.1 is a CMOS driver while
Figure 1.17.2 is an all-NMOS driver. New IC architectures are being formulated based on recent active gate
driver research [47],[48].

Sensor development is being leveraged from prior work on GaN/AlGaN Hall effect devices. This work will be
utilized directly as well as migrated into SiC in future runs [49]. This device is able to serve as a simultaneous
temperature and current sensor. At present, the IC team is focused on interface electronics to existing sensors
that will all be migrated into a single material system during this project.

Conclusions
UA research is underway on both packaging and IC design. Biweekly meetings are being held with the larger

team and UA-only meetings are being held in the intermediate weeks such that a project meeting is held each
week. At present, no key findings are available for reporting.
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Project Introduction

The Illinois Institute of Technology (IIT) is a member of the Department of Energy Electric Drives
Technologies (EDT) Consortium. IIT’s role in the consortium focuses on developing electric traction motors
for electric vehicles with 8x the power density and half the cost of state-of-the art traction motors.

Objectives

The overall objective of the electric motor portion of the Electric Drives Technology consortium is to research,
develop, and test electric motors for use in electric vehicle applications capable of the specifications in Table
1.18.1. Reduced scale physical prototypes in future budget periods for testing developed technologies and full-
scale design studies are planned at regular intervals to ensure progress towards the targets.

Table 1.18.1 EDT Consortium Electric Motor Targets

Parameter Target Value
Peak Power Rating (kW) 100
Power Density (kW/I) >50
Cost <33

Approach

The volumetric power density of electric machines can be related to a number of key variables, many of which
are fundamentally linked to material properties and limitations, (n = efficiency, B, = airgap flux density, A =
total electric loading), to the design/layout of the winding and magnetic circuit, (m = phases, K. = EMF factor,
K; = current factor, K, = electrical power waveform factor, A, = airgap to stator outer diameter ratio), and the
fundamental output frequency of the exciting power electronics, (f = fundamental excitation frequency).

) . Power
Volumetric Power Density = 7
zD3L

~2 ﬁ KeKiKp/ltz)ntA z ~Knachine design T £ BgA
m; p P

To meet the electric traction motor power density and cost targets a number of approaches are being pursued
simultaneously throughout the course of this project which address all of the major volumetric power density
variables. Many of the approaches are synergistic and complementary with the approaches being taken by
partner Electric Drive Technology Consortium member National Laboratories and universities.

e  Multiphysics design for increased power density through maximum utilization of active materials.
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o Improved dimensional or shape optimization techniques which simultaneously address
electromagnetic, thermal, and structural design in a computationally efficient manner.

o Topological optimization techniques to distribute materials in an optimal manner without a
geometric template subject to magnetic and structural objectives and constraints.

e Synthesis of electric machine windings and PM flux barriers with controlled space harmonics.

o Develop windings and PM flux barrier optimization tools which eliminate or reduce unwanted
space harmonics while maximizing the working winding factor. Ideally synthesize a feasible
winding or flux barrier from a target harmonic spectrum.

e Develop high slot fill windings for increased current loadings or efficiency. Potential options that will
be investigated include low proximity loss bar/hairpin windings, cast windings, and die compressed
windings.

e Investigate aggressive cooling strategies and support the thermal management research of other
National Laboratories and universities in the Electric Drives Technology Consortium.

o Calibrate thermal models including oil spray cooling in prototype reduced scale motors.

o Research high slot fill windings with through conductor cooling with the optimum tradeoff of
copper area to heat extraction.

e Explore multiple motor topologies for increased power density.

o Initial machine topologies targeted include high speed interior permanent magnet synchronous
machines (IPMSMs) and a transverse flux machine using a low core loss material.

e Apply new technologies, concepts, materials, and learnings from the Illinois Institute of Technology
research group and other Electric Drives Technology Consortium members in reduced scale electric
traction motors.

o Design, construct, and dynamometer test a reduced scale motor prototypes in budget period 2 and
subsequent budget periods to calibrate progress towards motor targets.

o Design studies of a 100 kW machine including electromagnetic and structural finite element
simulations and lumped parameter thermal modeling to calibrate progress towards motor targets.

For this budget period, work on the first two approaches was completed.

To identify the gap between the project motor power density targets and state-of-the-art machine designs large
scale optimization studies using realistic constraints and state of the art materials were completed.
Modification and improvements to Professor Brown’s in lab developed electric machine design optimization
suite were made for improved modelling of IPMSMs. The highest performance electric traction motors in wide
use commercially are interior permanent magnet synchronous machines with V-shaped magnet slots. This
rotor topology was selected to identify the gap with the project motor targets. Two stator winding types were
considered: 48 slot 8 pole bar/hairpin distributed winding and 12 slot 10 pole high slot fill fractional slot
concentrated winding with Wye-Delta connection to reduce the space harmonics. Representative cross-sections
of the machines are shown in Figure 1.18.1. The target specifications and constraints for the optimizations are
listed in Table 1.18.2. The design studies utilized state of the art materials including high performance grade
NdFeB magnets without heavy rare earths (Hitachi S49FSH) and M15-29 Ga and JFE 10JNEX900 6.5%
silicon steel. The geometric optimization involved 16 dimensions including the machines aspect ratio. End
turns length was accounted for in the machines’ overall volume and loss calculations.
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State of the art electric machine design procedures utilize a geometric template with dimensional variables
coupled to an optimization algorithm. The geometric dimensions are varied to optimize the machines
electromagnetic power conversion performance. The machines thermal and structural response is then checked
to determine if the machine is within material property limits. Creation of the geometric template is time
consuming and to avoid restricting the range of the dimensional variables and the design space, great care must
be taken to avoid unfeasible geometries. Small features that have an impact on torque ripple, core losses, etc.
are often not included in the geometric template.

(a) 48 Slot 8 Pole Bar/Hairpin Winding IPMSM (b) 12 Slot 10 Pole Fractional Slot Concentrated
Winding IPMSM

Figure 1.18.1 Representative interior permanent magnet synchronous machines from optimization Pareto front.

Table 1.18.2 Optimization Target Specifications and Constraints

Optimization Target Specifications

Shaft Output Power (kW) 100
Base Speed (RPM) 8000
Maximum Speed (RPM) 24,000
Envelope Power Density (kW/I) 50
Optimization Constraints

Electromagnet Torque (Nm) >120

Torque Ripple (%) <5
Envelope Volume Including End Turns (1) 2
Total Loss < 5.26 KW

An alternative approach is to use a topology optimization technique where material is optimally distributed in a
free-form manner. Topology optimization was originally developed in mechanical engineering domains. There
have been limited investigations of its use for the magnetic design of electrical machines. Magnetic only
topology optimization results in designs which are unfeasible or uneconomic to build. As part of this project
we have developed a combined magneto-structural topology optimization approach which helps to ensure that
designs are structurally sound. One of the primary ways that electric machines can gain power density is by
increasing the rotor’s rotational speed as power is proportional to the product of torque and speed. However,
there is an inherent trade-off between speed and torque production because of second order effects. For
instance, in interior permanent magnet synchronous machines as the rotor speeds increase, the thickness of the
electrical steel bridges used to support the permanent magnet must increase in size to resist centripetal forces.
As the thickness of the bridges increases, the leakage flux from the permanent magnet increases, reducing the
airgap flux density and magnetic torque. The combined magneto-structural topology optimization technique is
targeted at determining the optimal material distribution to satisfy the tradeoff between magnetic and structural
objectives and constraints.
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For high power density machines, all aspects of the machine design must be considered. For the stator
winding, a high working harmonic winding factor, kv, is needed to maximize torque production for a given
current. The rotor must also be capable of producing a high airgap flux density, Bg. The space harmonic
content of the magneto-motive force and flux density produced by the stator winding and rotor needs to be low
for reduced torque ripple and core losses. A number of candidate stator windings for high power density
prototypes have been identified, and a technique for the design of interior permanent magnet rotor flux barriers
and magnets have been developed during this budget period.

Results

Pareto Front Identification of Performance Gaps

Multiple large-scale optimizations were performed with hairpin/bar wound distributed windings or high slot
fill fractional slot concentrated windings in order to approach the target specifications, listed in Table I.18.2.
The Pareto fronts resulting from these optimizations are shown in Figure 1.18.2. Only the Pareto fronts of the
8,000 designs generated for each optimization are shown. Only two designs are capable of meeting the 120 Nm
torque requirement at 8,000 RPM to achieve the power density target. If a lower base speed was specified the
gap between the torque target and the Pareto fronts would even be larger. Also, note that the state-of-the-art
6.5% silicon steel while it does reduce losses in most cases can result in slightly lower power conversion
performance.
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Figure 1.18.2 Pareto fronts to identify target performance gaps using state of the art motor topologies and materials.

Magneto-Structural Topology Optimization of Synchronous Machine Rotors

Magneto-structural topology optimization of synchronous reluctance (SynRel) and IPMSM rotors has been
developed. The initial development was for SynRel rotors as they are the simplest case with only electrical
steel or air in the design domain. The design of the flux barriers and guides in SynRel rotors has a large impact
on the performance of the machine in terms of average torque, power factor, and torque ripple.

Magnetic only topology optimization of the SynRel rotor is first considered. The rotor design region is shown
in Figure 1.18.3(a). In each of the finite elements in the upper rotor mesh highlighted in blue, the density, p, of
the electrical steel is allowed to vary between 0 < ¢ < p < 1 where ¢ is a very small number. The densities in
the upper rotor half are mirrored to the lower rotor half to form a symmetric machine. The material properties
in each element are made proportional to the density raised to an exponent to penalize the density and force the
convergence of the density in each element to € or 1. For example, in a magnetic only topology optimization,
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the nonlinear relative permeability in each element can be expressed as the following. Material properties are
handled in a similar way for structural problems.

:ur,k = (.uFe,k (B) - :uair,k (B)) Pge,k + #air,k

Objective functions and constraints which express global machine performance criteria can be written. For the
example magnetic only topology optimization, the following optimization problem is written to maximize the
average torque subject to a constraint on torque ripple.

1
-——
N2p-oTeo

minimize  f = —Tg,, =

st. g= Tripple = Tmax - Tmin = rippleTavg

The sensitivities of the objective function and constraints with respect to changes in the element densities, p,
are computed using an adjoint variable method for computational efficiency. The optimization problem is
solved using the Method of Moving Asymptotes (MMA) algorithm where sensitivities and updated densities
are passed to and from the finite element model. An example magnetic only design of a SynRel rotor is shown
in Figure 1.18.3(b). The same overall procedure maybe used with a fixed PM in the design domain, Figure
1.18.3(c). Both the magnetic only SynRel and PM topology optimization designed rotors are not
manufacturable with iron pieces that are not structurally supported. Magneto-structural topology optimization
is needed to simultaneously optimize for magnetic and structural optimization objectives and constraints.

(a) (b) (c)

Figure 1.18.3 Magnetic only topology optimization, (a) design domain, (b) synchronous reluctance rotor, (c) interior
permanent magnet rotor with fixed permanent magnet.

The structural load considered in the technique developed is the design dependent centripetal force arising
from the rotation of the rotor. Ideally, we would like to constrain the stress in each element below some
fraction of the material yield stress. A stress constraint on each element requires a large number of sensitivity
evaluations and depending on how the constraint is expressed, a discontinuous function. Instead, a global
approximation of the maximum stress in the design dornlain is used. This is called P-norm aggregation

k P
1,
Opy =C z L < KsfOyeila

where c is the normalization factor, a is the elerrrlleont area of the electrical steel, and P is the aggregation
parameter. With only a stress constraint, the optimized rotor may still be over deformed in the radial direction.
An additional compliance constraint or objective can be used to control the displacement of the rotor. The total
compliance, C, is found by integrating the strain energy of each element, Ws, in the design domain, Q.

szVI/SdSSCO

152 Electric Drive Technologies Research



FY 2019 Annual Progress Report

If structural objectives and constraints are simply used the same way as in the magnetic only topology
optimization, an intermediate material issue will occur where the density in some of the elements does not
fully converge to € or 1. The intermediate material density issue is solved by switching to a globally
convergent MMA optimization algorithm which is able to handle the non-monotonous nature of the
compliance term and a thresholding mass filter where MFe is the actual mass of the electrical steel and pc is
the density threshold.

M= {MFeJ P> pe

0, P = pc

Many different magneto-structural optimization problems can be formulated. Two examples are presented
below. The first formulation (I) has a single term in the objective function, average torque maximization. The
second formulation finds the optimum tradeoff between average torque and compliance using adaptive
weighting factors in the objective function.

Formulation I Formulation II
L 1 i 1 T c
minimize  f = —Tg,4 = —=>N o To minimize f= —Wl—ZQ’ZO—B + w, —
N N To Co
St g1 = Lyipple = 7;(max - Tr%in < krippleTavg st. g1 = Tripple = T;max = T@in < krippleTavg
1 P
p 1
=opy =|cC -0 < k0, _ e P
92 = %pw ( Z a =Syl g2 = 0Opy = Cz -0 < KsfOyeita
n=0 n=0 .
g3 =C <G -

Examples of SynRel rotors designed with Formulations I and II are shown in Figure 1.18.4 for design speeds of
4,000 and 12,000 RPM. In all cases the torque ripple structural constraints are satisfied. It should be noted that
at the higher design speed, the magnetic bridges thicken to hold the electrical steel flux guides in place.

The same magneto-structural topology optimization approach has been used for the design of an interior
permanent magnet synchronous machine rotor with a fixed permanent magnet position and size, Figure 1.18.5.
Future work is planned to combine shape and topology optimization to allow the permanent magnet to change
orientation and size in the rotor design domain while still allowing for topology optimization of the electrical
steel.

Stator Winding and Interior Permanent Magnet Rotor Flux Barrier Design

To maximize the working harmonic and minimize space harmonics, a number of distributed and fractional slot
concentrated windings have been identified to investigate for incorporation into machine prototypes. Two
candidate distributed windings are a 12 slot 2 pole mixed layer winding and 12 slot 2 pole single layer dual
three phase winding with 30 degree phase shift between phase groups. The pole number can be increased with
a proportional scaling of the number of stator slots. A 12 slot 10 pole double layer fractional slot concentrated
winding with 2 layers and 30 degree phase shift between subsets will also be investigated for prototyping.

For the high-power density specification of the Project, a low rotor created airgap flux density, Bg, is most
likely to result in very high stator current density and pose a serious thermal management challenge. To make
the motor operate at an acceptable stator current density, as a first consideration the rotor has to produce a high
airgap flux density Bg at no load. Besides the use of high-performance PM material, a “flux concentration”
structure is also necessary. Some IPM rotors designed for EV/HEV applications produce Bg=0.7 T with
neodymium iron boron (NeFeB) magnets of remanence, Br=1.2 T. With similar PM material, for the Project, it
is expected to achieve airgap flux densities, Bg up to 1.3 T, or slightly higher with an unchanged or reduced
remanence.

As a second consideration, the harmonic content of both stator and rotor must be designed in a coordinated
manner to minimize harmonic interactions between the rotor and stator. The benefits include reduced eddy
current losses and torque ripple. Ideally, the harmonic orders of 5, 7, 11, 13, will not be simultaneously present
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in the stator and rotor. The low harmonic content will help to reduce losses caused by MMF space harmonics.
A third consideration is the maintenance of a working point for the PM material that is safe from
demagnetization. This usually requires that the magnets not be too thin. From the cost perspective, however,
the total volume of PM needs to be minimized, which usually results in thin magnets that have lower working

points and are more vulnerable to demagnetization.
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Figure 1.18.4 Synchronous reluctance rotor magneto-structural topology optimization results for (a) formulation | 4,000
RPM, (b) formulation Il 4,000 RPM, (c) formulation | 12,000 RPM, and (d) formulation Il 12,000 RPM.

A design procedure for multi-layer IPM rotors has been developed which considers all three considerations.
This design procedure allows for the synthesis of magnet and barrier dimensions to minimize the magnet
volume. An example of a multi-layer IPM rotor optimization is shown in Figure [.18.6. Work is continuing to
make finer adjustments to the desired harmonic content and account for the effects of stator slotting and

magnetic saturation.
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Figure 1.18.5 Interior permanent magnet synchronous machine rotor magneto-structural topology optimization with fixed
position and size permanent magnet, (a) normalized electrical steel density, (b) Von Mises stress, (c) displacement.
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Figure 1.18.6 Multi-layer IPM rotor verification of the proposed design approach, (a) cross-section of barriers and
magnets, (b) flux density distribution at no-load.

Conclusions

Two new design techniques have been developed to design high performance interior permanent magnet
synchronous machine rotors. The first based on magneto-structural topology optimization optimally distributes
electrical steel in the rotor design domain without a geometric template. The second technique adjust the size
of flux barriers and permanent magnets to control the rotors no-load airgap flux density, magneto-motive force
spectrum, and magnet working point. Stator windings with low harmonic content and high fundamental
winding factor have been identified to pair with the rotor designs. The new design techniques greatly aid the
design of electric traction motors which meet Dept. of Energy EDT Consortium targets.
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Project Introduction

The primary objective of this project is to ensure that the next-generation of wide-bandgap devices sufficiently
meets performance, reliability, and price targets to achieve DoE system-level goals. In this project, superior
1200V SiC MOSFETs are developed when compared with Silicon counterparts (i.e., IGBT) in all aspects, such
as cost, performance, and reliability. To accomplish this goal many different variations in device/process
design will be pursued, and the proposed 1200V SiC MOSFETs will be fabricated at a 6-inch, production-
grade cleanroom facility.

Objectives
o Cost competitive ($4.96/die)

e High-performance (BV=1700 V, Ron s=3.5 mQ-cm?, and V=2 V)
e High reliability (SCSOA=8 ps, HTRB=1620 V, TDDB=15 C/cm?, and avalanche energy=10 J/cm?)

Approach

Cost

A dramatic reduction in chip price will be achieved by conducting ion implantations at room temperature (RT).
Process flow will be significantly simplified by RT implants. Appropriate analyses due to RT implants will be

conducted. An innovative approach for the gate oxide formation will further reduce the chip size and thus chip

price. Unipolar diode integration within the MOSFET structure will be demonstrated.

Performance

Cell optimization will be carried out using Sentaurus TCAD 2-D simulation, such as reducing cell pitch and
optimization of JFET region. Various edge termination structures such as FFRs, RA-JTE, and Hybrid-JTE will
be designed. Process split, such as gate oxide using ALD, self-alignment channel, and JFET implant, will be
conducted.

Reliability
Short-circuit and avalanche characteristics will be evaluated by mixed-mode device simulations in Sentaurus
TCAD. Process split such as p-well implant and thin gate oxide will be carried out.
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Results

Device design - MOSFET cell optimization

Figure 1.19.1 shows the proposed 1.2kV SiC MOSFET structure. Drift layer was designed to be 8x10'° cm™
doped and 10 pum thick to achieve approximately 1.7kV breakdown with a parallel-plane PN junction. On-
resistance can be reduced through reduced cell pitch, higher channel mobility, and optimization of JFET
region. The cell pitch was largely reduced by putting P+ source in orthogonal direction, intermittently. An
accumulation channel was designed for higher channel mobility. For lower Ron and reduced electric field in the
gate oxide, JFET width and doping concentration were optimized using Sentaurus TCAD 2-D device
simulation [1]. Figure 1.19.2 shows specific on-resistance and electric field as a function of JFET doping
concentration. When considering both of them, JFET doping concentration of 3x10'® cm™ was determined as
an optimum doping concentration. In the same way, half JFET width was optimized in Figure 1.19.3. From
these results, JFET width of 0.8 um became the nominal design value in our fabrication for the 1% lot.

Inter Layer Dielectric

N+ Poly Si
Ni Ohmic Gate Ox, 5i0,, S00A
NTSouree Acc. Channel JFET
region
13016
Pwell=1e18/cm3)| fem®
Half cell pitch

N drift layer for 1.2kV device
:10 pm, 8e15 Jem®

Substratre

Drain

Figure 1.19.1 Cross-sectional view of proposed 1.2kV 4H-SiC MOSFETSs.
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Figure 1.19.2 Optimization of the JFET doping concentration to minimize the on-resistance and electric field in gate oxide
and PN junction.
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Figure 1.19.3 Optimization of the JFET width to minimize the on-resistance and electric field in gate oxide and PN junction.

Mask generation for 15t Jot

The mask for the 1% lot, shown in Figure 1.19.4, included 42 different devices, which included PiN diodes, JBS
diodes, MOSFETs, and JBSFETSs. Reduced cell pitch and channel length was designed to decrease on-
resistance of MOSFETs and JBSFETs. For improving MOSFET reliability, especially high temperature
reverse bias (HTRB), a narrow JFET width was used. Hexagonal topology types, which have higher channel
density for MOSFETSs and JBSFETs, were added. SZ-JTE, RA-JTE, MFZ-JTE, Hybrid-JTE, and FFRs are
also proposed to examine the effect of dV/dt in the edge termination. Moreover, the mask included large size,
split gate, process split for Schottky opening, and the number of different P+ sources.

Figure 1.19.4 Top view for Mask

Fabrication for 1t lot

Table 1.19.1 shows summary of process flow for 1% lot. There are 12 photolithography processes, including 5
implant processes. Activation anneal, oxidation, and RTA process will be applied during the fabrication
process. Fabrication for 1% lot is in progress and currently is at JTE implant step, which is the final implant
step. The scheduled date for completion of 1 lot fabrication is Jan. 13, 2020 and the process is on time shown
in Figure 1.19.4.
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Table 1.19.1 Summary of Process flow for 1st lot

Specifications Comments
6ea per run
~0.5um
Oixde thickness Oxide Thickness depends on the
1.5um implant schedule

Similar to JFET or

standard
P-well process

>1650C, 10min, Ar, Capping process

Sacrificial Oxidation Oxidation/Removal 20nm 1175C, 20nm/BOE
Gate Oxide, N20 anneal Oxidation 50nm 50nm, Process split
Gtz PoI);ESCehp., FIeTs, Std Process Poly, 5000A Poly Etch, stop at Gate oxide
Oxide dep., Photo, Etch Std process Oxide ~0.5um USG
Ohmic metal Ohmic, Anneal Ni, 200nm, RTP:1000C, 2min
Schottky opening Pattern, Etch
10 Poly Contact open Std process Oxide ~0.5um
11 Top Metal, B/S Metal Std process 4um Std Metal process
12 Passivation Std process Nitride, Polyimide Pad open
MNow: Oct. 30t
(48% completed) Actual
—
september (2019) | October (2019) | November (2019) | December (2019 [ sanuary (2020)
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ITE imp —
Activation anneal
Gate Oxide
PGate
Frontside Ni ohmic
Sch + Pgate open
Backside Ni chmic
Top metal
Passivation
Backside metal
Fab out
/
Expectation: Jan. 13t
Figure 1.19.5 1st |ot fabrication status
Simulation models

One of the main goals is improving reliability of devices. In order to improve reliability, device simulation is
required. In particular, mixed-mode simulation with thermode is needed to predict the electrical characteristics
of the device in high-temperatures and look into vulnerable regions. For exact simulation results, simulation
models are required to reflect the actual material properties that are known for 4H-SiC. Therefore, simulation
results are aimed at matching corresponding experimental results.
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Table 1.19.2 shows summary of simulation models. Heat capacity, thermal conductivity, bulk mobility,

channel mobility, channel mobility degradation, and SRH lifetime were developed. In order to obtain similar
threshold voltage characteristic captured from experimental measurements, interface traps were added between
4H-SiC and SiO; within the simulation models. Furthermore, Fowler-Nordheim model is applied to investigate

gate failure.

Heat capacity

Thermal conductivity

Bulk electron mobility

Bulk hole mobility

Channel electron
mobility

Channel mobility
degradation

SRH lifetime

Conclusions

Table 1.19.2 Summary of Simulation Models

Parameter model

Cy=4.10 X 107973 — 1.22 x 1075T2 + 1.29 x

1072T — 0.685

K=1(0.00105-T—0.03)!
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1+ [(Np+Ng)/Nper]”
T \°
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Values

=28
Hmax—950
N_ref=194el17
Gamma=061

=28
Hmax—124
N_ref=176el7
Gamma=0.34

a=-02
Himax=28.5
N_ref=194el7
Gamma=0.61

Hma=990
6=3.2

p=1.72
N_ref=3el7
Gamma=0.3

Reference

[2]

[3]

[4.5]

e 1.2kV SiC MOSFET with reduced cell pitch and accumulation channel was designed to improve on-

resistance.

o JFET regions in SiC MOSFET were optimized by using Sentaurus TCAD 2-D simulation for lower on-
resistance and reduced electric field in gate oxide.

e Mask for 1% lot was generated. Mask included many different types of structure, such as reduced cell
pitch, hexagonal topology types, and process split to improve yield, performance, and reliability.

e Process flow of 1.2kV MOSFET contains 5 implants, Activation anneal, Oxidation, Gate poly, Ohmic,

Metal, and Passivation. Fabrication for 1% lot is in last implantation step.

e Thermal simulation models were optimized to obtain exact simulation results. Heat capacity, thermal
conductivity, bulk mobility, channel mobility, and SRH lifetime were developed. In addition, interface
trap model for Vi, and FN tunneling model were also included in the simulation.
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Project Introduction

The primary objective of this project is to demonstrate highly reliable wide bandgap AlGaN/GaN HEMT
power devices. In this project, we will demonstrate AlIGaN/GaN HEMT power devices with superior
performance and reliability. To accomplish this goal, growth conditions and processing will be optimized for
HEMT devices on foreign substrates as well as on bulk GaN to reduce the effect of defects in the bulk and at
interfaces. Additionally, we investigate the processing of gate dielectric materials to improve the performance
and reliability of HEMT devices.

Objectives
e AlGaN/GaN growth on foreign substrates (sapphire, Si)

o AlGaN/GaN growth on GaN substrate
e Fabrication and characterization of AlGaN/GaN HEMT devices
e Investigation of gate dielectrics and their impact on device reliability

Approach

AlGaN/GaN Growth on Foreign Substrates

Growth of GaN and AlGaN is often done on foreign substrates such as sapphire, Si, or SiC due to the high cost
of bulk GaN substrates. While use of these foreign substrates can reduce cost, epitaxial growth of (Al)GaN
requires buffer layers to overcome the lattice mismatch with the substrate. Table 1.20.1 shows a comparison of
common substrates for GaN growth. Growth on Si presents additional difficulty because the lattice constant of
the (111) Si face is 17 % larger than the GaN, and the large mismatch between the coefficients of thermal
expansion (CTE) of Si and GaN causes excessive tensile stress in the GaN layer upon cooldown which results
in increased dislocation density and higher probability of cracking [1]. One way to overcome the large lattice
mismatch between GaN and Si is through the use of a compliant AIN buffer layer to separate the GaN from the
Si. The lattice constant of GaN is 3.189 A and AIN is 3.112 A. To bridge the lattice mismatch between AIN
and GaN, AliGa;«N inter-layers can be grown with Al fractions ranging from 0.0 to 1.0. The lattice constant
follows a linear trend between the two values of GaN and AIN, according to Vegard’s Law. As the lattice
constant of GaN is greater than that of AIN, AlxGa;xN will have a larger lattice constant than AIN and thus
will grow under compression on an AIN buffer.
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Table 1.20.1 A Comparison of the Most Commonly Used Substrates for GaN Epitaxy [1]

Substrate Property Si (111) Al203 (0001) 6H-SiC GaN (0001)
Lattice Constant (A) 3.846 4.758 3.081 3.189
Lattice Mismatch (%) 17 13 3.5 -
Thermal Exapansion (10¢ K1) 2.6 7.3 4.5 5.6
Thermal Mismatch (%) 116 -23 24 1.3
Thermal Conductivity (W cm? K1) 1.5 0.5 4.5 1.3
Relative Cost Low Medium Very High Extremely High

Using this technique, an initial high Al% AlxGal-xN layer is grown on AIN followed by AlxGal-xN layer
with a lower Al% than the one below it. Multiple layers of AlGaN are grown, with a decreasing Al%
ultimately ending with a GaN layer. Because each layer grows under compression the total thickness should
have enough compressive stress to counteract the thermal stress created upon cooling. This method has been
extensively used by multiple researchers including Shahedipour-Sandvik group. Using our k-Space ICE in situ
stress monitoring system, we are able to monitor the stress during growth and precisely control the thickness of
each stress mitigation layer for maximum benefit [2].

AlGaN/GaN Growth on GaN Substrate

Because there is no lattice or thermal mismatch between substrate and epitaxy during growth on a native
substrate, GaN can be grown directly on the bulk substrate. Before purchasing and using the more expensive
semi-insulating GaN substrates, growth conditions were determined on n-type HVPE GaN. These growth
conditions will be applied to the growth of full AlGaN/GaN device structure on bulk GaN, and once the
quality of the growth is confirmed, we will proceed with growth and fabrication of HEMT devices on semi-
insulating GaN.

Investigation of Gate Dielectrics and their Impact on HEMT Reliability

One issue with conventional Schottky-gated HEMT devices is high gate leakage current, particularly in forward
biasing. Reduction of gate leakage has been achieved by adding a dielectric layer between the gate metal and the
semiconductor to create a metal-insulator-semiconductor HEMT (MISHEMT) [3]. However, device reliability
issues associated with the dielectric, namely, threshold voltage (VT) instability, have yet to be fully resolved
[4]-[7]. The VT instability in these devices is due to the high density of interface states (Dit) that act as electron
traps with a wide distribution of time constants [8]. Reduction of this Dit is the subject of ongoing research and
is essential for the commercialization of MIS- (Al)GaN devices.

The ideal dielectric would have a high dielectric constant as well as a bandgap much greater than that of GaN
(3.4 eV) with large valence and conduction band offsets in order to prevent leakage through the gate [9].
Al203 has both a large band offsets relative to GaN, and a high dielectric constant (~9 for amorphous
material), making Al203 an attractive choice for GaN-based devices [10].

To study the effects of post-deposition processing on Al1203, GaN MIS capacitors were formed using 20 nm
ALD AI203 as the dielectric layer. Annealing of the A1203 layer is studied, ranging in temperature from
350°C to 600°C for times ranging between 1 min and 20 min. The impact of the annealing condition on the
density of charge traps at the interface of GaN and Al203 is studied through capacitance-voltage (C-V)
measurements. Further, we studied the impact of the annealing condition on the structure of the AI203 and its
interface with the underlying GaN.
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Results

AlGaN/GaN Growth on Foreign Substrates

Crack-free AlGaN/GaN growth was achieved on sapphire and Si substrates. The surface roughness of
AlGaN/GaN on sapphire was similar to that of AlIGaN/GaN on Si, though the atomic step edges are more
clearly visible on sapphire. Figure 1.20.1 shows AFM scans of AlIGaN/GaN grown on sapphire and Si. For
growth on Si, AlxGal-xN stress mitigation layers were employed and stress was monitored in situ. Figure
1.20.2 shows a plot of the in situ curvature measurement used to determine stress.

15 nm
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Figure 1.20.2 in situ curvature measurement during growth

Fabrication and Characterization of HEMT on Foreign Substrate

HEMT devices were fabricated on sapphire and Si substrates. The DC output characteristics are shown in
Figure 1.20.3 and Figure 1.20.4.
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Figure 1.20.3 Output and gate leakage characteristics for HEMT on sapphire. Device Dimensions: Wg=150 pm; Lg=7 pm;
Lgs=4 pm; Lag=10 uym; Les=21 pm.

Las{rrmi) \utATE)
0S80 T 1.0E+05
0.45 1.0E+4
0.40 + — ViV 1.0E+03
oas 1 —fgg T 1.0E+02
—gs =gV : "
0.30 + Vgse-5V OE+0
0.25 + —\gs=dV
4 [ 10
Vgs=-3V Va(v)
020 1
—_—ge=2 V
0.15 1 — g W
0.10 + —\paady
— —hgei V'
0.05 +47
1.0E-05
0.00
o 5 0 185 20 =—N\ds=B0mV =—Vds=5V ——Wds=10V

ValV)

Figure 1.20.4 Output and gate leakage characteristics for HEMT on sapphire. Device Dimensions: Wg=150 pm; Lg=7 pm;
Lgs=4 um; Lag=10 um; Les=21 pm.

Although the maximum output of the HEMT on sapphire is higher than the HEMT on Si, there is a smaller
decrease in lgsa: at high drain voltages on the Si substrate due to superior heat dissipation.

Investigation of Gate Dielectric and its impact on HEMT Reliability
The frequency-dependent C-V and C-V hysteresis characteristics of Al,O3/GaN MIS capacitors are shown in
Figure 1.20.5 and Figure 1.20.6.
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Figure 1.20.5 Frequency-dependent C-V measurements for samples annealed at (a) 350°C for 1 min, (b) 350°C for 10 min,
(c) 350°C for 20 min, (d) 600°C for 1 min, (e) 475°C for 10 min, (f) 600°C for 20 min, and (g) as-deposited. Threshold
voltage is indicated by a dashed line. The insets show frequency dispersion close to threshold voltage. A large negative shift
in threshold voltage is observed in the sample annealed at 600°C for 1 min relative to the other curves, and the effect
observed after annealing at 600°C for 20 min indicate poor oxide and/or interface quality.

Annealing at low temperature (350°C) decreased frequency dispersion; high temperature annealing increased
frequency dispersion and shifted threshold voltage negative by ~0.8 V. High temperature for extended time
(600°C 20 min) caused extensive degradation. Even brief periods of time at high temperature caused increase
in frequency dispersion and large negative shift in Vr.
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Figure 1.20.6 C-V measurement data collected at 100 kHz AC signal. The arrows indicate the direction of the DC bias
sweep. Insets show zoomed in area of hysteresis to show changes in AV from sweep up to sweep down. The largest
reduction in hysteresis is observed after annealing at 350 °C for 20 min.

Similar trend to frequency-dependent C-V: Annealing at low temperature decreased hysteresis; high
temperature increased hysteresis. High temperature for extended time (600°C 20 min) caused extensive

degradation such that hysteresis measurements could not be collected.

To investigate whether there is a correlation between dielectric annealing conditions, electrical performance of
the MIS devices and the structural characteristics of the MIS structures, Scanning Transmission Electron
Microscopy/Energy Dispersive Spectroscopy (STEM/EDS) was performed. The results of STEM/EDS is
shown in Figure 1.20.7. As shown, O and Al did not diffuse into the GaN, but remained confined within the
AlO;s layer. Further, the O and Al remained evenly distributed throughout the layer after the annealing. This is
seen in the EDS maps of O and Al taken from the as-deposited, 350°C/10 min, and 600°C/20 min samples.
These results show that annealing at various temperatures and times does not adversely impact the oxide or its

interface with GaN.
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(a)
O 40 nm

Figure 1.20.7 EDS elemental maps showing the spatial distribution of (a) O in the as-deposited sample, (b) Al in the as-
deposited sample, (c) O in the sample annealed at 350°C for 10 min, (d) Al in the sample annealed at 350°C for 10 min,
(e) O in the sample annealed at 600°C for 20 min, and (f) Al in the sample annealed at 600 °C for 20 min. No diffusion of

Al or O is observed.

40 nm

Conclusions

Crack-free AlGaN/GaN structures were successfully grown on foreign substrates, and HEMT devices were
fabricated and characterized. Although DC output current density was higher for HEMT on sapphire, superior
heat dissipation is observed in HEMT on Si.

High quality homoepitaxy of GaN on GaN was achieved. The growth conditions from these studies will be
used for deposition of AlGaN/GaN HEMT on (conducting and less expensive) HVPE GaN substrate before
moving on to semi-insulating substrates to fabricate devices.

MIS capacitors were fabricated to characterize ALD deposited Al,Os after annealing under various conditions.
It was found that while the electrical parameters of the devices vary widely with different annealing conditions,
no large-scale structural changes occurred. The optimum conditions that results in lowest Dj; were 350°C for 20
min. These results suggest that longer annealing times at relatively low temperatures in forming gas are an
effective method to passivate defect states at the Al,O3/GaN interface without generating new defects.

Key Publications
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Project Introduction

Wide-bandgap (WBG) devices can have higher breakdown voltages, higher efficiencies, thermal
conductivities, operating temperatures, and switching speeds than silicon devices. However, using them as a
drop-in solution for silicon-based power modules rather than designing specifically for WBG devices does not
fully utilize their potential, particularly in regard to system-miniaturization and high-temperature operation.
The objective of this project is to research, develop, and test Electric Drive Technology (EDT) for use in
emerging WBG based vehicle applications capable of meeting the targets set by the Department of Energy
Vehicle Technologies Office (VTO).

Objectives: Bonding Interfaces for Electronic Packages

The overall objective of this project is to investigate the thermal management solutions for WBG EVs.
Specifically, this work focuses on: (i) single-phase and boiling flows in additive manufactured metal foams for
system-level cooling of WBG device-based traction inverters, (i) a new transient liquid phase bonding
technique to directly bond Aluminum foam with AlSiC to create a combined AIN — AISiC — Al foam stack,
and alternative bonding techniques to join Cu — invar, invar — invar, Cu — Cu to improve the durability of EDT
packages, and (iii) Permanent magnet electric motor modeling for optimization of the thermal management
system, and reduction of copper in the windings and rare earth materials.

Approach

Additively Manufactured (AM) Metal Foams for Thermal Management: AM metal foams will be investigated
as a cold plate based thermal management solution. A combination of experimentation and computational
methodology will be used to compute the performance of the metal foam structures. For the experimental
portion, a flow loop was constructed with appropriate instrumentation (i.e., pressure transducers, flowmeters,
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and thermocouples) to measure relevant thermohydraulic information. Coupled computational fluid dynamics /
heat transfer (CFD-HT) models will be used for additional investigation.

Transient Liquid Phase (TLP) Bonding Technique: This technique developed for bonding AlSiC with Al-foam
involves the use of a Cu foil and an Al foil between the two layers. The AlSiC coupon is stacked with AIN and
Al-foam for bonding. The TLP bonding technique of using Cu- Al hypoeutectic alloy for joining AIN with
AISIC has been described in detail by Pahinkar et al. (2018)1. For bonding the AlSiC and Al foam, a mass
fraction of 45% of Cu is chosen for the interlayer between the two, because of abundance of Al in both, AISiC
and Al foam. The effectiveness of the bonding technique is further evaluated by varying the component
materials bonded. Implementing the procedure detailed above, a series of Cu and Invar coupons are tested in
different combinations: Cu-Invar, Invar-Invar and Cu-Cu. Invar, a nickel-iron alloy, is chosen for its relatively
low coefficient of thermal expansion of about 1.2 x 10—6 K—1 between 20°C and 100°C.

Electric Motor Modeling: The modeling has been performed with Motor-CAD software. Subsequently, we
may use ANSYS Maxwell for more detailed modeling. Simulations of motor performance with respect to the
cooling system and other thermal parameters have been performed. For different cooling systems, coolant
properties, flow rates and insulation materials, and a specified temperature limit we will obtain the maximum
torque, power, current density and efficiency of the motor with respect to the motor rotational speed. We will
identify the cause of the performance threshold limit: electromagnetic saturation, and/or thermal resistances
and heat transfer coefficients within the motor. Considering optimal thermal management of the motor, we will
estimate to what extent the amount of copper and rare earth materials in magnets can be reduced, while
keeping acceptable performance. Eventually, we will assess the cost reduction that can be achieved from these
thermal performance improvements.

Results

AM Metal Foams for Thermal Management: The recent work compared single-phase convection in AM versus
traditional metal foams. A commercial, aluminum foam (5 pores per inch, 86.5% porosity) was purchased from
ERG Aerospace, and the sample was analyzed using x-ray microcomputed tomography. A metal foam was based
on the cell diameter and porosity of this sample. Reduced domain CFD-HT models were made for both samples.
A flow loop with DI water was assembled for experimental testing, and the data was used for model validation.
Then, flow behavior, the effect of thermal attachment method, and thermal performance of both models were
further investigated.

The commercial aluminum foam was 5 PPI, 6101 T-6 aluminum alloy. A Zeiss Metrotom 800 was used for the
x-ray scanning, with the resulting 2D images being imported to Imagel. A series of Image] and BoneJ?
commands were used for property (porosity, pore diameter, ligament diameter, ligament length, cell diameter,
and specific surface area) analysis. The steps for characterization can be seen in Figure 1.21.1. A rhombic
dodecahedron unit cell was used for the additive manufactured foam, as it forms a 3D honeycomb structure, can
be manufactured, and imitates the foaming process. Table 1.21.1 shows the geometric properties obtained from
said analysis, as well as the properties of the thombic dodecahedron unit cell. This unit cell was generated by
matching the cell size and porosity of the analyzed ERG sample.
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Figure 1.21.1 lllustration of steps for commercial stochastic foam characterization

Table 1.21.1 Comparison of Foam Properties for Analysis, Literature3, and AM Unit Cell

Parameter
PPI
Porosity
Ligament diameter (mm)
Ligament length (mm)
Pore diameter (mm)
Cell diameter (mm)

Surface area (m2m-3)

Result
5
86.5%
0.508
1.94
2.58
4.65
571.1

Literature AM Unit Cell
5 5

92% 86.5%

0.505 0.548
1.72 2.014
2.61 1.35
4.60 4.65
510 927.35

Figure 1.21.2 illustrates the experimental and reduced computational domains. The ERG foam sample was cut
using electrical discharge machining to 100 mm x 40 mm x 9.3 mm, and then attached the an aluminum substrate
with Omegabond 200 Epoxy Adhesive. The epoxy layer was 0.3 mm thick, and the adhesive’s thermal
conductivity was given as 1.38 W/m-K. The AM file was outsourced to an external vendor, who used AlSi10Mg
direct metal laser sintering to manufacture the AM foam. The base plate was cut and machined to the correct
size and then heat treated to relieve stresses created during machining. The 3D geometries were used for pore-
scale models, which will allow for increased understanding and visualization of intra-foam phenomena.

Ouy

Figure 1.21.2 Comparison of ERG foam versus AM foam (left) and reduced computational domains (right)
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The computational models were validated using experimental data so that they could be further analyzed. The
experimental and numerical total pressure drop and Nusselt number for varying Reynolds numbers were
compared for the ERG and AM samples. The pressure drop results were fit to a second-order polynomial, which
is common for laminar flow through a porous medium. A power law curve was used for curve-fitting the Nusselt
number. Figure 1.21.3 demonstrates that the computational model agrees with the experimental data over the
ranges studied, ensuring model validity and allowing for further studies. The figure also shows a higher pressure
drop for AM structure (~66%), likely due to the pores’ thombic as opposed to circular shape.

While the AM sample’s thermal performance is shown to be superior, the reason behind the performance increase
can be attributed to both structural differences in the foam as well as elimination of the thermal interface material
between the foam and substrate. A 1D thermal resistance network was used to calculate the effective Nusselt
number when adjusting the thermal conductivity of the interface material from k = 1.38 W/m-K to 4.0, 40, and
oo W/m-K. A simulation was run to show that using the thermal resistance network approach was valid. The
values calculated using the semi-analytical resistance network were denoted with an (N) in Figure 1.21.4. It can
be seen that the effect of a small improvement in thermal conductivities significantly improves the thermal
performance, but further increasing or eliminating the TIM layer causes only nominal improvements.

204
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A Exp.ERG v ¢
5 v Exp. AM 16 °
v 14 v
E 4 ° . 124 A .
[0 A ‘ -
T 2 104
=34 z &
= v p
% . . i 8+ x
24 6 -
A = CFDERG
v o
. 4 e CFDAM
14 : A Exp.ERG
‘ 24 v Exp. AM
0 T T T T T T 0 T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Req Reg

Figure 1.21.3 Pressure drop per unit length (left) and Nusselt number (right) for the ERG and AM samples.
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Figure 1.21.4 Nusselt numbers recalculated with varying TIM thermal conductivities.

TLP Bonding Technique: The combined AIN — AlSiC — Al foam samples examined during the past few months
were found to have high strength against shearing and tension (pending quantitative shear tests). Further analysis
of the AISiC — Al foam bond using SEM analysis is in progress. Meanwhile a liquid coolant loop has been
constructed to measure the pressure drop across the foam cooling feature, temperature rise in the liquid coolant
and the device temperature rise for a given mass flow rate. For this test set-up, a 50 mm x 50 mm AISiC base
plate with bolt holes was fabricated and bonded with 25 mm X 25 mm AIN and Al foam samples (Figure 1.21.5).
Additionally, a liquid coolant header was also designed and fabricated to house the Al foam and inlet and outlet
of'the liquid coolant. A thin film resistance heater was attached to the AIN layer. The resultant electronic package
is shown in Figure 1.21.6(a). The liquid coolant loop includes pressure and temperature sensors at the inlet and
the outlet of the header, mass flow rate through the coolant loop and an infrared camera to capture the hot spot
location and its maximum temperature as shown in Figure 1.21.6 (b).

Fluid inlet/outlet

O-ring slot

. Bolt holes

Liquid header
="

Figure 1.21.5 50 mm x50 mm prototype of AISiC heat sink bonded to AIN and Al foam with liquid header
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Charge tank
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Figure 1.21.6 (a) Assemble packaged prototype (b) Liquid coolant loop setup showing essential sensors and DAQ

The Al foam samples with three different porosities, 5, 10, 20 PPI were bonded to the 50 mm x 50 mm AISiC
to analyze the effect of foam density on the device temperature and extrapolating the effect of AlSiC — Al foam
bond thermal conductivity on the cooling feature effectiveness. Cooling tests on these samples are ongoing.

Copper and Invar coupons measuring 25.4mm in diameter, 2mm in thickness and polished to Spm were
bonded using Cu-Al foils in a 1:3 ratio. An Energy Dispersive X-ray Spectroscopy test revealed the chemical
composition of the invar coupon to be 37% nickel and 63% iron, while the copper coupon contained 99% Cu
and about 0.7% nickel impurity. A Cu-Al TLP bond using the specified temperature profile resulted in uniform
bonds between Cu-Cu coupons, while bonds between Copper-Invar and Invar-Invar coupons were
unsuccessful. SEM results of the Cu-Invar bond show that the Cu foil as well as adjacent layers of the pure
copper coupon were effective in melting over 2/3 of the Aluminum foils. However, the Invar coupon remained
undisturbed in the bonding process. This could be a result of its high melting temperature of 1427°C compared
to the bond temperature of less than 570°C. The Cu-Invar bonds delaminated along lines of uneven melting of
Aluminum foils as illustrated in the figure below. Invar-Invar bonds showed less promise, as SEM results
revealed cracks within the bond structure, depicted below.

Melted Al foil

Cu Coupon Invar Coupon

Figure 1.21.7 Failed Cu-invar bond

Conversely, the Cu-Al bond was notably successful in combinations of pure Copper — Copper coupons. The
SEM image below shows a uniform diffusion of copper into layers of Aluminum foils resulting in a cohesive
bond. Further testing on the conceived bond to evaluate its physical and elastic properties are underway. Both
instances of bonds involving Invar samples showed no interaction of elements within the Invar coupons with
the bond, and lacked the reinforcing properties of Silicon particles from AlSiC which typically migrate into
and help to solidify the bonds. Alternative combinations will involve bonding Copper to AlSiC coupons.
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Figure 1.21.8 SEM and EDS results of Cu-Al bond between a) Cu-Invar coupons b) Invar-Invar coupons ¢) Cu-Cu coupons

Electric Model Thermal Modeling: Results have been obtained from Motor-CAD simulations for the Nissan
Leaf Electric Motor. Motor data for the geometry, winding properties, water jacket cooling system features and
all materials within the motor are available. Therefore, as a first approach we used this data to come up with a
first performance assessment. The thermal model used is a lumped parameter network, whose resistances are
automatically implemented by Motor-CAD with respect to input materials. The electromagnetic model is a
finite element analysis (FEA) model. We have used Electromagnetic and Thermal coupling models with a set
temperature limit of 200°C. Therefore, we have been able to get the performances of the motor with respect to
the flow rate of the coolant inside the water jacket: on Figure 1.21.9, graph (a) shows the maximum shaft
torque of the motor, (b) the maximum shaft power, (c) the maximum stator winding current and (d) the
maximum efficiency with respect to shaft speed and with the temperature threshold of 200°C (inlet
temperature of the coolant is fixed to 65°C). We have also simulated the performances of the motor using
different coolants for a fixed flow rate of 9 Lpm and an inlet temperature of 40°C. The results are available on
Figure 1.21.10. The calculated metrics are the same as that of Figure 1.21.9. Before interpreting these results,
we need to be sure the models are validated by experimental data. This is the next step.
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Figure 1.21.9 (a) Maximum Shaft Torque, (b) Maximum Shaft Power, (¢) Maximum Stator Winding Current and (d) Maximum
Efficiency, with a temperature threshold of 200°C and for six different flow rates. These results have been extracted from
Motor-CAD simulation.
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Figure 1.21.10 (a) Maximum Shaft Torque, (b) Maximum Shaft Power, (c) Maximum Stator Winding Current and (d)
Maximum Efficiency, with a temperature threshold of 200°C, a fixed 9 Lpm flow rate and for four different liquid coolant
materials. These results have been extracted from Motor-CAD simulation.

Conclusions

AM Foams: The above work shows the potential of using both traditionally manufactured and AM foam for
power electronics thermal management. Simulations for the reduced geometries were shown to agree with the
experimental data. The numerical simulations also indicated that commercial foams would be viable if the
interface material’s thermal conductivity was increased significantly, and eliminating the attachment layer would
increase the ERG foam to close to that of the AM foam.
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TLP Bonding: Cu — Al TLP bonds have been demonstrated to be successful for AIN — AISiC. Lifetime
improvement over 16 times has been reported along with improvement in heat dissipated. AlSiC is difficult to
machine, hence introducing cooling features within AlISiC is costly. Therefore, Al foam can be integrated in the
bonding process of AIN — AISiC resulting in reduction in cost of fabrication. Cu-Al bonds proven successful for
Cu-Cu. Subsequent tests will focus on determining properties of bond, including hardness and elastic modulus.
TLP bonding to determine effectiveness of Cu-Al bond between Cu and AISiC coupons is in progress.

Motor Thermal Modeling: The first results show a significant influence of the coolant flow rate over the
maximum current allowed for a 200°C temperature threshold. Indeed, from a 4 Lpm flow rate to a 9 Lpm flow
rate, a current increase of 16% is possible for shaft speeds under 5,000 rpm. This is not negligible especially if
we have copper amount reduction in mind. Moving forward, we need to validate our models, so that we can go
further with more simulations.
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Project Introduction

To meet performance and reliability requirements necessary for broader adoption of electric drive vehicles, the
Electrical and Electronics Technical Team of the U.S. Drive partnership has established aggressive design
goals for next-generation electric vehicle drivetrains. Specifically, the 2025 roadmap stipulates a 100 kW/L
power density target and a $2.7/kW cost target for power electronics, in addition to high-voltage operation
(i.e., greater than 800 VDC). The additional targets for traction motor and the overall system performance
impose further challenges on the power electronics design. For example, many high specific power machines
have reduced iron content, and therefore reduced intrinsic filtering, thus requiring the inverter to supply a low-
distortion drive current. These machines also typically have a high pole count, thus requiring drive current at a
higher electrical frequency. Other motors, such as brush-less dc and switch reluctance machines, require a
carefully-shaped, non-sinusoidal drive current.

Two- and three-level inverter topologies are the conventional framework for the power electronics design of
the drivetrain, and some demonstrations have shown recent progress towards addressing cost, power density
and efficiency goals [1]. However, an unconventional approach may be necessary to take the dramatic leap in
power density necessitated by the roadmap—while simultaneously addressing the other system needs.
Therefore, this project leverages the flying capacitor multilevel (FCML) topology, together with a scalable,
modular approach, to address these needs. This type of hybrid converter has several advantages: lower voltage
(i.e., less than 300 V) transistors can be used, energy-dense capacitors process most of the power, and the
output current waveform is multilevel and exhibits a frequency multiplying effect—in other words, the output
has reduced dv/dt and filtering requirements for the same high voltage dc bus. For example, in an electric
vehicle with an 800 V bus, a 10-level FCML could leverage 100 V, commercially available GaN devices
switching at 115 kHz to produce a ~1 MHz switching waveform (modulated according to the motor drive
requirements) with one ninth of the dv/dt of a two-level converter.

Prior work has already demonstrated promising performance and gravimetric power density figures for more
electric aircraft applications [2]. This project leverages lessons learned to achieve the volumetric power density
of 100 kW/L by employing advanced liquid cooling, address the 300,000 mile reliability challenge with
redundant design, topology failure studies and online health monitoring, and reduce costs to $2.7/kW through
the use of low-cost GaN devices, modular converter assemblies, and modest modifications to traditional
manufacturing methods.
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Figure 1.22.1 Comparison in output waveforms of a conventional two-level design (left), and a 9-level, dual-interleaved
FCML design (right). The latter are from results in [2], and illustrate reduced dv/dt, interleaving and high effective

Objectives

frequency.

The main objective of this project is to develop a 100 kW/L traction power inverter, compatible with next-
generation, low-weight (and low inductance) electric machines. The efficiency, size, and cost targets will be
demonstrated through the development of several hardware prototypes, including electrical and thermal
systems. This overall goal is comprised of several key tasks, including:

e Establishing the high-level traction inverter specifications

e Evaluating state-of-the-art semiconductor and passive components (e.g., inductors and capacitors)

e Performing a multi-objective optimization to establish circuit topology and operating conditions

Output Current [A]

e Prototyping designs to verify performance and implement digital control and online health monitoring

e Codesigning a liquid-cooled hardware revision

e Validating the cooling approach with finite-element analysis

e Manufacturing, assembling and experimentally validating the full hardware prototype.

Additionally, this work will address several key barriers in the 2025 roadmap:

e  WBG device power and voltage levels and availability

e  WBG multi-physics integration designs to enable optimal use

e Component optimization for miniaturization and cost reduction.

¢ Low inductance requirements for WBG multi-physics integration.

Approach

The fundamental approach for achieving the power density and performance requirements is to develop new

circuit topologies and control method to enable FCML inverters in harsh automotive environments and under
dynamic loads. The key benefits of this type of converter design illustrated in comparison to the conventional

two-level design in Figure 1.22.2., with relevant considerations as follows:

e Energy-dense capacitors process most of the converter energy

e Multilevel operation and high effective frequency reduce the output dv/dt and filter requirements
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e High-switching frequency facilitated by GaN transistors reduces the required flying capacitance
e Dual-interleaved design to further mitigate switching ripple at the input and output.

Designs are informed through both theoretically and empirically derived loss modelling, wherein an optimal
solution is chosen from the design space using Monte-Carlo simulations and possibly informed by topology
agnostic theoretical analysis. This aspect of the approach provides:

e Large-signal loss models, derived from calorimetric testing of passive components, that are of higher
value to the broader power electronics community than small-signal datasheet parameters [3]

e Experience in a common design toolbox, allowing for faster iterations when adding new design
considerations (e.g., dynamic Rds,on, coupled inductances), or newly available components.

Furthermore, to support output power beyond the 2025 roadmap—while also providing converter
redundancy—this project leverages a scalable and modular (or segmented) architecture; a lower power module
design is first optimized, and multiple of the resulting design are paralleled in and across phases and coil sets
to achieve the full system target power. This strategy, exemplified in Figure 1.22.2, both simplifies the scope of
initial design, manufacturing and experimental testing. Additional benefits of this approach include:

e Shedding redundant modules when operating at low power to achieve higher light-load efficiency
e Supporting continued system operation at a reduced rating in the event of a module or winding failure

e Reducing filter requirements on the dc bus if switching signals across modules are also interleaved.
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Figure 1.22.2 Top: schematic and current waveforms for a dual-interleaved, 10-level FCML inverter. Bottom: hierarchical
control strategy and system diagram of paralleled converters of the modular (i.e., segmented) approach.

Additionally, to address high-voltage module packaging challenges outlined in the 2025 roadmap, the
approach of this project will often differ from conventional two- and three-level designs in that it will:

o Allow for the use lower-cost, low-voltage GaN devices, in addition to higher-voltage, wide-bandgap
semiconductor modules in custom, specialized packaging
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Manufacture with conventional assembly and printed circuit board technologies to facilitate extreme

[ )
cost reductions compared to high power semiconductor modules.

This plan is, however, is complemented by including some advanced manufacturing techniques, such as:

e Blind and buried vias and internal layers in circuit board fabrication to reduce parasitics

e Additive manufacturing for rapid prototyping of thermal management and mechanical assemblies.

Results
Several aspects of the project have yielded experimental or simulated results demonstrating progress towards

the ambitious goals set forth in the introduction. These are broken down into four categories:

Design, contract manufacture, and successful experimental testing of a batch of 10-level, dual-
interleaved FCML inverter module prototypes

Proof-of-concept demonstration of paralleled converter operation (9 modules, 3 phases) under
hierarchical control and current feedback to spin a permanent magnet synchronous machine

CFD validation of system level thermal performance for this air-cooled iteration
Simulation and analysis of balancing behavior during startup transient (i.e., dc supply power on)

Calorimetric characterization of capacitors under high-power conditions that will be useful for future
optimization iterations, and are much anticipated in the broader power electronics community.

A hardware prototype was designed and a batch of printed circuit assemblies were manufactured, both
according to the methodology outlined in the previous section This design leveraged both modular cooling and
electrically thin design practices, and took advantage of recent work characterizing dynamic rgson of GaN
devices when deciding on the appropriate level count. Unlike previous FCML designs, the hardware in this
project does not use switching cell daughter boards; instead, all flying capacitors and transistors are populated
on the main converter circuit board. This drastically reduced commutation overshoot, as illustrated by the
experimental measurements in the left plot of Figure 1.22.3. The converter was successfully tested at high-

voltage and high-power, shown in the right plot of, with results summarized in Table 1.22.1.
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Figure 1.22.3 Left: measured overshoot of the commutation loop in this design. Right: measured experimental
performance of the prototype inverter module across various load impedances and dc bus voltages.
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Table 1.22.1 Key Inverter Prototype Experimental Results

Gravimentric Volumetric

DC Bus - Peak Assembled Assembled
Peak Efficiency Power Power
Voltage Power Mass Volume . .
Density Density
1000 V 98.6% 13.46 kW 505 g 775 cm?3 26.7 kW/kg 17.4 kW/L

AC Output
Terminal

Analog
Sensing

AC Output
Filter

Interleaved Interleaved

Phase B Phase A
Isolated X6S 450V
Supplies MLCCs
NPO 630V
MLCCs
FPGA
Comms and DC

Logic Power Backplane

Figure 1.22.4 Left: an annotated hardware prototype of the 10-level, dual-interleaved inverter module for this project.
Right: a 9-module, segmented inverter paralleled across three winding phases assembled for initial motor testing.

In addition to benchmarking individual module performance, this project achieved a major milestone by
demonstrating parallel operation of multiple modules to spin an off-the-shelf high-performance TG7150 motor
from ThinGap. Individual modules were paralleled in a dc backplane, with the annotated interleaved module
and 9-module inverter assembly both shown in Figure 1.22.4. This demonstration retires several risks,
including:

e Assembly and testing repeatability across a lot of the low-power interleaved modules
e  Operation of multiple interleaved modules in parallel at partial power

e Integrity of communication between master controller delegating motor commands and module
controllers generating the corresponding gate signals

o Integrity of the current feedback on each module—from the analog signal chain, through the master
controller, to a host computer reading telemetry data over a serial link.

Electric Drive Technologies Research 183



Electrification - Electric Drive Technologies

Since the dc backplane in Figure 1.22.4 was designed for easy access to signals and components during the
initial control debugging and spin testing, an assembly variant focusing on integrated thermal management was
simultaneously designed to facilitate the cooling needed for higher power testing. This design was simulated
and prototyped as shown in Figure 1.22.5, and is facilitating the next stages of experimental benchmarking.
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Figure 1.22.5 Left: experimental setup showing the thermal test assembly for this air-cooled inverter iteration. Right: CFD
results showing relatively a relatively uniform pressure front across the inlet window of each modular heat sink.

While the FCML topology implemented clearly shows promise from a power density and efficiency
perspective, investigating issues of stability of flying capacitor voltages during transients—and specifically
during startup— is also an ongoing facet of this project. Fortunately, prior work provides analytical methods
for capturing dynamics of capacitor voltages, as well as some suggestions on the appropriate control directions
to be employed. These were explored using PLECS simulation software that included modeling of the bias-
dependent nonlinearities of the X6S flying capacitors, with results presented in Figure 1.22.6. The simulation
indicates balancing can be rapidly achieved during startup when the correct control is implemented, and
experimental validation of this approach is forthcoming.

Finally, to support better understanding of how best to choose capacitors for high-power, high-performance
inverter designs, extensive testing has been underway to establish better large-signal loss parameters.
Specifically, calorimetric tests have been performed on several type I and type II MLCCs, varying both in
temperature rating, capacitance and manufacturer. In addition, newly introduced Ceralink capacitors were also
evaluated. Calorimetric tests using the fixture in Figure 1.22.7 were performed under a wide range of voltage
biases (0 V —400 V), frequencies (75 kHz — 500 kHz), and current square wave excitation amplitudes (1 A — 6
A pk-pk). These testing conditions were chosen to replicate hybrid switched capacitor operating conditions.
Results show that the DC bias and frequency have a great effect on the losses of the device. Current work is
being done to condense these results into an easy-to-use model which will be beneficial to the power
electronics community.
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Figure 1.22.6 Nonlinear simulation of the flying capacitor chamber during component evaluation.
voltages during dc bus startup.

Conclusions

Through an innovative circuit topology and advanced digital control, a high density, low-costs inverter
prototype suitable for lightweight electric vehicle motors has been demonstrated. The high performance
already demonstrated is likely to increase dramatically with the use of the new air-cooling test setup.
Furthermore, the excellent results for the air-cooled indicates the move towards liquid cooling in the next
phase of the project will provide the dramatic increase in volumetric power density required to meet or exceed
the goals of the 2025 roadmap.

Key Publications

Two publications resulting from this project, one on capacitor characterization and another on the inverter
prototype presented above, were accepted for presentation at the IEEE Applied Power Electronics Conference
in March of 2020. The associated manuscripts will be published in the subsequent conference proceedings.
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Project Introduction

The goal of this project is to research, develop, and evaluate the integration and packaging technologies for
making high-temperature, high-density, and low-profile wide-bandgap (WBG) power electronics modules.
These modules are aimed at enabling the DOE VTO Electrification Technologies’ University Consortium to
reach its 2025 targets (listed below) for the cost, power density, and system peak power rating of automotive
electric drive systems.

Table 1.23.1 Power Electronics Requirements

Parameters Measure
Cost ($/Kw) <27
Power Density (kW/L) > 100
System Peak Power Rating (kW) 100

Objectives
The overall objectives of this project are to:

e develop a low-cost sintered-metal (copper or silver) interconnect technology for packaging power
modules and gate drivers capable of working over 200°C;
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o develop designs and fabrication processes of 3D, planar power modules with parasitic inductances < 5
nH, heat flux density > 400 W/cm2, and working junction temperature > 200°C; and

e design and prototype intelligent gate drivers with integrated current sensor and protection for 200°C
module.

A schematic of the hardware to be developed in this project is shown below in Figure 1.23.1. Phase-leg
modules capable of working at 200°C or 250°C ambient will be designed and fabricated. Three of the phase-
leg modules will be assembled on cooling plates (with or without double-side cooling) and interfaced to a bus
bar and gate-driver boards. The gate driver boards will have integrated current sensors, power supplies, and
other components that are capable of working at 200°C or 250°C ambient.

Board of gate drivers, power supplies, and sensors %

/z Y

| %w/.é{”m_mm—y/ﬂ/h% module/

,L/Q -/ . [/, YL Vi~

[ Bus bar [
200°C/250°C ambient

Figure 1.23.1. A schematic of the hardware to be developed in this project.

For this reporting period, we focused on achieving the following specific objectives:

e acquiring extensive knowledge on the state-of-the-art packaging materials and components for making
high-temperature power modules, gate drivers, and current sensors;

e designing and processing planar SiC phase-leg power-stage packages for making segmented three-
phase inverters; and

e designing integrated phase current sensors with short-circuit protection and current reconstruction
based on power module parasitics. Verify theoretical analysis with simulation results.

Approach

To achieve the objectives of this report period, we surveyed the literature on the state-of-the-art high
temperature materials, components, and packaging technologies for power switching cells, gate drivers and
their power supplies, passive components, and current sensors. The module packaging survey led to
recommendations for the design and selection of packaging materials and assembly processes for a phase-leg
power stage module of 1200 V SiC MOSFET devices. The other studies led to a comparison of various
designs for current sensors with short-circuit protection and current reconstruction that are based on power
module parasitics. Theoretical analyses of the current sensor were then conducted and compared with
simulated results.

Resulits
1. Findings from literature surveys

1.1. High-temperature WBG module packaging materials

Findings of the module packaging survey are summarized in Figure 1.23.2. This survey included substrates,
interconnects, and encapsulants for working at high temperature (>200°C). As for the substrates, SisN4s AMB
and AIN DBA are recommended as they can survive temperature cycles between -55 to 250°C for over 1000
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cycles [1],[2] while Al,O3 or AIN DBC can only survive tens of cycles under the same condition [3]. To
further improve the high-temperature reliability of substrates, adding dimples or using stepped edges to
substrates can improve thermal cycling reliability by 10 and 65 times, respectively [4]. As for the interconnect
(die-attach), sintered Ag is recommended since it can be processed at low-temperature (<250°C) while
working at high temperature (<714°C). Sintered Ag also has higher electrical and thermal conductivity
compared to conventional interconnect materials like solder. The sintered Ag with Ag finish on both die and
substrate showed good reliability (>2000 hours aging at 300°C and >1000 cycles at -55 to 250°C) [5]. Al bond
wire is widely used as interconnects for gate or power loop. [6] showed 40 um Al wire on Ag metallization did
not lift off until 6000 hours at 200°C and 400 um Al wire on Al metallization did not lift off after 3000 cycles
at -40°C to 250°C [7]. Reliability can be further improved by using larger wire (~20 mil) or using ribbon bond
[8]. 3D packages can also be used to eliminate bond wires to reduce the parasitics and improve reliability of
power modules. As for encapsulant, polymeric materials (soft and hard) are commonly used. The soft polymer
encapsulant (silicone gel and silicone elastomer) can survive several hundred aging hours at 250°C [9]. Adding
fillers to soft polymer is an effective way to improve thermal stability of soft polymer. For example, adding 30
wt% alumina fiber into silicone elastomer can improve thermal aging reliability at 250°C from 200 hours to
1300 hours [10]. As for hard polymer encapsulant, bismaleimide, polyimide, cyanate esters are promising but
their CTE has to be reduced by adding fillers to match the CTE of substrate and device [9]. Some inorganic
materials like lead glass can also be used as encapsulant because of their high temperature stability, but the
processing parameters have not been extensively reported in the literature.

Encapsulant Interconnect
Recommendations: (bond wire and die attach)
Organic: silicone, polyimide Recommendations:

Inorganic: lead glass Bond | substrate Die top

Die attach | "o 0" | metallization | metallization

Terminal

Sintered Ag Al Ag Al
Encapsulant
/\_ﬁ\ /\ i «—Case
‘ - ~ Substrate ] Substrate
Recommendations:
Base Plate (1) SizN, AMB substrate
(2) AIN DBA substrate

with dimples or stepped edge

Figure 1.23.2. Summary of recommended high temperature packaging materials for power modules.

1.2. High-temperature gate driver

Most integrated gate drivers available on the market can only operate to 125°C; nevertheless, three ways exist
in the literature for higher temperature. The first way is to use integrated SiC transistors [11],[12]. The second
solution is by commercial-off-the-shelf (COTS) discrete transistors and diodes for 200°C. A COTS-based IC
has been designed with short-circuit protection and under-voltage lockout (UVLO) [13]. These two methods
have shown good performance, but there are no commercial products available. The third solution is to use
silicon-on-insulator (SOI) [14],[15] at 225°C. XREL Semiconductor and CISSOID have designed products
with large output current to satisfy the demand for SiC MOSFETs. An example of the ICs is shown as Figure
1.23.3.

Figure 1.23.3. High temperature gate driver IC from Cissoid.

1.3. High-temperature power supply for the gate driver

To fit with the small footprint of the targeted power module, the power supply needs to operate at high
switching frequency to reduce the size of passive components. Although flyback converters are most
commonly used [16], they suffer from high switching loss at high frequency due to hard switching. In order to
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solve this problem, new topologies have been proposed to realize soft switching, including active-clamp
flyback converters and other resonant converters [17],[18]. Normal transformers with core are usually used in
the literature. Since most magnetic cores perform poorly under high temperature, air-core transformers need to
be considered.

Air-core transformers have already been used in high-frequency converters to further reduce the profile and
increase efficiency with the elimination of magnetic cores [19]. At very high frequency, resonant capacitors
can also be integrated with low-dielectric-loss laminates [15]. Figure 1.23.4 shows an air-core inductor with
PCB winding [20].

Figure 1.23.4. Air-core inductors.

1.4. High-temperature passive components

1.4.1 High-temperature resistors
Table 1.23.2 summarizes available resistors for high-temperature applications [21]. Metal foil resistor is a good
candidate because it offers high precision and stability. Vishay offers products at 225°C.

Table 1.23.2 Commercially Available High Temperature Resistors

Resistor type Packaging Max. Temperature

Through-hole, suface-mount-

HeEliEl device (SMD)-chip, flip-chip 2
Metal oxide Through-hole 275°C
Thin film SMD-chip, flip-chip 275°C
Thick film SMD-chip, flip-chip 300°C
Wire-wound Through-hole 350°C

1.4.2 High-temperature capacitors

Capacitors are widely used in gate drivers mainly for filter purposes. Several dielectric materials are suitable
for high-temperature applications, such as tantalum and ceramic. The tantalum capacitor can reliably work to
230°C; however, it has relatively low voltage rating which also degrades at high temperature. For ceramic
capacitors, X7R and COG are widely used. X7R is a cheap option under 250°C but the capacitance decreases
about 70% at 250°C. COG can operate to 250°C with stable capacitance over the entire temperature range. The
capacitance of COG is also constant at different voltage bias. Companies like AVX and KEMET offer COG
capacitors with temperature rated at 250°C. The company Presidio components, Inc. offers high performance
dielectric materials at high temperature at and above 250°C, such as NPO and XHT. Table 1.23.3 summarizes
available capacitors with brief comments.
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Table 1.23.3 Commercially Available High Temperature Capacitors

Capacitor type Max. Temperature Comments
Tantalum 230°C High capacitance value; voltage rating degredation at high temperature
X7R 250°C High capacitance value; degraded capacitance above 175°C
COG 250°C Stable capacitance; Lower capacitance value
XHT 250°C Smaller capacitance degredation than X7R; High capacitance value
NPO 500°C Stable capacitance; Lower capacitance value

1.5. Current sensors

Current and voltage sensors play important roles in electric drive systems. Switching current sensors help protect
the power MOSFET module from short-circuit event [22]-[26]; and common-mode current sensors help identify
correctly the common-mode current, which is a useful information for designing compensating circuits to
mitigate its effect [27]. Good sensor design, thus, increases the reliability of the overall electric drive system.
In recent years, some advanced techniques, which are suitable for high power MOSFET modules, have been
developed [22]-[26]. In [22], a current sensing circuit for short-circuit protection based on parasitic inductances
of the power MOSFET module has been presented. The concept has been applied and extended for both short-
circuit and overload protection in [25]. For both works [22],[25], although good protection can be achieved, the
current waveforms cannot be recovered due to the high-pass filter characteristic that rejects all low frequency
components in the measured current. In [26], switch current sensor for 1.7 kV power MOSFET model based on
Rogowski coil is developed. The work [24] further extends the design for both switching current sensing and
phase current reconstruction under both continuous and discontinuous modulations. One of the main
disadvantages of current sensors based on Rogowski coil [24],[26] is the complexity in PCB design.

An additional drawback of all aforementioned designs is the limit in operating temperature. For example, the
stated maximum operating temperature of [25] is 105°C.

Based on pros and cons of existing current sensors, there is a need for an enhanced design that has the
following features:

e Dbased on module parasitics, which is much simpler than Rogowski coil, while still enables switching
current sensing and protection, and phase current reconstruction;

e overcome limit of previous designs in terms of temperature. Operating temperature is expected to be
up to 200°C.

Besides switching current sensors and construction, common-mode current sensors based on parasitics and
DC-bus voltage sensor for high temperature will also be developed.

2. Designs of Phase-leg Power-stage Packages and Gate Drivers

2.1. SiC Power-stage Package design

We chose to start the high-temperature power-stage packaging effort by designing and fabricating packages of
SiC MOSFET (1200 V, 13 mQ, 149 A) from CREE. We have been in communication with Dr. Gui-Jia Su at
Oak Ridge National Lab to ensure that the designed switching cells once packaged can be insert