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REQUIRED DOCUMENTS CHECKLIST

For an overview of the application process, see Section IV.A of the FOA.
For guidance regarding requisite application forms, see Section IV.B of the FOA.

For guidance regarding the content and form of Concept Papers, Full Applications, and Replies to Reviewer
Comments, see Sections IV.C, IV.D, and IV.E of the FOA.

OPTIONAL/ FOA
SUBMISSION COMPONENTS MANDATORY | SECTION DEADLINE
e Each Applicant must submit a Concept Paper in Adobe PDF
format by the stated deadline. The Concept Paper must
not exceed four (4) pages in length including graphics,
figures and/or tables anq mustt include the following. 9:30 AM ET,
(Tables 2.a and 2.b, provided in the Concept Paper .
. Friday,
Concept Paper template, will not count as part of the four pages.): Mandatory IvV.C January 31
o Concept Summary y=b
. 2020
o Innovation and Impact
o Proposed Work
o Team Organization and Capabilities
Tables 2.a and 2.b (2 pages max.)
N 9:30 AM ET,
Full Application [TO BE INSERTED BY FOA MODIFICATION IN MARCH 2020] Mandatory IV.D TBD
Reply to
Reviewer [TO BE INSERTED BY FOA MODIFICATION IN MARCH 2020] Optional IV.E 5 PM ET, TBD
Comments

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qov/faq. For questions that have
not already been answered, email ARPA-E-CO@hg.doe.qgov (with FOA name and number in subject line); see FOA Sec. VII.A.
Problems with ARPA-E eXCHANGE? Email ExchangeHelp@hg.doe.gov (with FOA name and number in subject line).
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I. FUNDING OPPORTUNITY DESCRIPTION

A. AGENCY OVERVIEW

The Advanced Research Projects Agency — Energy (ARPA-E), an organization within the
Department of Energy (DOE), is chartered by Congress in the America COMPETES Act of 2007
(P.L. 110-69), as amended by the America COMPETES Reauthorization Act of 2010 (P.L. 111-
358) to:
“(A) to enhance the economic and energy security of the United States through the
development of energy technologies that result in—
(i) reductions of imports of energy from foreign sources;
(ii) reductions of energy-related emissions, including greenhouse gases; and
(iii) improvement in the energy efficiency of all economic sectors; and
(B) to ensure that the United States maintains a technological lead in developing and
deploying advanced energy technologies.”

ARPA-E issues this Funding Opportunity Announcement (FOA) under the programmatic
authorizing statute codified at 42 U.S.C. § 16538. The FOA and any awards made under this
FOA are subject to 2 C.F.R. Part 200 as amended by 2 C.F.R. Part 910.

ARPA-E funds research on and the development of high-potential, high-impact energy
technologies that are too early for private-sector investment. The agency focuses on
technologies that can be meaningfully advanced with a modest investment over a defined
period of time in order to catalyze the translation from scientific discovery to early-stage
technology. For the latest news and information about ARPA-E, its programs and the research
projects currently supported, see: http://arpa-e.energy.gov/.

ARPA-E funds transformational research. Existing energy technologies generally progress on
established “learning curves” where refinements to a technology and the economies of scale
that accrue as manufacturing and distribution to develop drive down the cost/performance
metric in a gradual fashion. This continual improvement of a technology is important to its
increased commercial deployment and is appropriately the focus of the private sector or the
applied technology offices within DOE. By contrast, ARPA-E supports transformative research
that has the potential to create fundamentally new learning curves. ARPA-E technology
projects typically start with cost/performance estimates well above the level of an incumbent
technology. Given the high risk inherent in these projects, many will fail to progress, but some
may succeed in generating a new learning curve with a projected cost/performance metric that
is significantly lower than that of the incumbent technology.

ARPA-E funds technology with the potential to be disruptive in the marketplace. The mere
creation of a new learning curve does not ensure market penetration. Rather, the ultimate
value of a technology is determined by the marketplace, and impactful technologies ultimately

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qov/faq. For questions that have
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become disruptive — that is, they are widely adopted and displace existing technologies from
the marketplace or create entirely new markets. ARPA-E understands that definitive proof of
market disruption takes time, particularly for energy technologies. Therefore, ARPA-E funds the
development of technologies that, if technically successful, have the clear disruptive potential,
e.g., by demonstrating capability for manufacturing at competitive cost and deployment at
scale.

ARPA-E funds applied research and development. The Office of Management and Budget defines
“applied research” as an “original investigation undertaken in order to acquire new
knowledge...directed primarily towards a specific practical aim or objective” and defines
“experimental development” as “creative and systematic work, drawing on knowledge gained from
research and practical experience, which is directed at producing new products or processes or
improving existing products or processes.”! Applicants interested in receiving financial assistance
for basic research should contact the DOE’s Office of Science (http://science.energy.gov/).
Office of Science national scientific user facilities (http://science.energy.gov/user-facilities/) are
open to all researchers, including ARPA-E Applicants and awardees. These facilities provide
advanced tools of modern science including accelerators, colliders, supercomputers, light
sources and neutron sources, as well as facilities for studying the nanoworld, the environment,
and the atmosphere. Projects focused on early-stage R&D for the improvement of technology
along defined roadmaps may be more appropriate for support through the DOE applied energy
offices including: the Office of Energy Efficiency and Renewable Energy
(http://www.eere.energy.gov/), the Office of Fossil Energy (http://fossil.energy.gov/), the
Office of Nuclear Energy (http://www.energy.gov/ne/office-nuclear-energy), and the Office of
Electricity Delivery and Energy Reliability (http://energy.gov/oe/office-electricity-delivery-and-
energy-reliability).

B. SBIR/STTR PROGRAM OVERVIEW

The Small Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR)
programs are Government-wide programs authorized under Section 9 of the Small Business Act
(15 U.S.C. § 638). The objectives of the SBIR program are to (1) stimulate technological
innovation in the private sector, (2) strengthen the role of Small Business Concerns in meeting
Federal R&D needs, (3) increase private sector commercialization of innovations derived from
Federal R&D activities, (4) foster and encourage participation by socially and economically
disadvantaged and women-owned Small Business Concerns, and (5) improve the return on
investment from Federally funded research and economic benefits to the Nation. The objective
of the STTR program is to stimulate cooperative partnerships of ideas and technologies

1 OMB Circular A-11 (https://www.whitehouse.gov/wp-content/uploads/2018/06/a11_web_toc.pdf), Section 84,
pg. 3.
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between Small Business Concerns and partnering Research Institutions through Federally
funded R&D activities.?

ARPA-E administers a joint SBIR/STTR program in accordance with the Small Business Act and
the SBIR and STTR Policy Directives issued by the U.S. Small Business Administration (SBA).3
ARPA-E provides SBIR/STTR funding in three phases (Phase I, Phase II, and Phase IIS).

C. PROGRAM OVERVIEW

1. EXECUTIVE SUMMARY

The Aviation-class Synergistically Cooled Electric-motors with iNtegrated Drives (ASCEND)
program supports the development of novel lightweight and ultra-efficient electric motors,
drives?, and associated thermal management system (collectively referred to as the all-electric
powertrain) that will facilitate net-zero carbon emissions in the single-aisle, 150-200 passenger
commercial aircraft segment. This FOA represents part of a wider ARPA-E effort in the
development of enabling technologies for long-range (> 2,800 nautical miles), carbon neutral
commercial aviation. The other part of the wider ARPA-E effort is included in a separate FOA
targeting ultra-efficient and lightweight energy storage and fuel-to-electric power conversion
system?®. The overarching goal of the two FOAs is to reduce the emissions from commercial
aviation by developing cost-competitive systems for the efficient conversion of the chemical
energy of carbon-neutral liquid fuels (CNLFs)® to delivered electric energy, which is then further
converted to thrust via propulsors driven by electric motors and associated motor drives. The
focus of the ASCEND program is the development of an all-electric powertrain as the prime
mover for long-range, narrow-body aircraft such as the Boeing 737. Current electric
powertrains do not have high enough power density and efficiency to enable competitive and
fully decarbonized aviation for the narrow-body class of aircraft.

The ASCEND program aims to take advantage of emerging materials, manufacturing techniques,
and design topologies, with a focus on the co-design of electromagnetics, power electronics,

2 Research Institutions include FFRDCs, nonprofit educational institutions, and other nonprofit research organizations owned
and operated exclusively for scientific purposes. Eligible Research Institutions must maintain a place of business in the United
States, operate primarily in the United States, or make a significant contribution to the U.S. economy through the payment of
taxes or use of American products, materials, or labor.

3 See 77 Fed. Reg. 46806 (Aug. 6, 2012), as amended by 79 Fed. Reg.1303 (Jan. 8, 2014) 77 Fed. Reg. 46855 (Aug. 6, 2012), as
amended by 79 Fed. Reg. 1309 (Jan. 8, 2014).

4 A drive is the electronic device that harnesses and controls the electrical energy sent to the motor, utilizing
power electronics and associated control logic. The drive can feed electricity into the motor in varying amounts
and at varying frequencies, thereby enabling control of the motor's speed and torque.

> Range Extenders for Electric Aviation with Low Carbon Emission and High Efficiency (REEACH), DE-FOA-0002240
and DE-FOA-0002241.

6 CNLFs are defined in REEACH as energy dense liquid fuels with no net greenhouse gas emissions or net carbon
footprint. They are made by converting molecules contained in air (N2, CO2), water, and/or biomass using
renewable energy into energy-carrying fuels that are liquid at moderate temperatures and pressures (e.g.
sustainable hydrocarbons and oxygenates).
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and thermal management solutions. The ASCEND program requires demanding figures of merit
for specific power (> 12 kW/kg) and efficiency (> 93%) for the fully integrated all-electric
powertrain systems; these targets, among others, are well beyond the capability of current
state-of-the-art technologies and will require creative thinking and innovation in the electric
motor and power electronics space.

The ASCEND program will incorporate two phases. Phase | calls for conceptual designs and
computer simulations of motor, its drive, and their integration, as well as
subsystem/component level demonstrations, as necessary, for the proposed key enabling
technologies to support the design and simulated performance projections. Phase | will be 18
months long. Subject to the availability of appropriated funds, projects that achieve technical
success in Phase | may, at ARPA-E’s sole discretion, proceed to the second phase of the
program to develop, fabricate, and test an integrated motor and drive developmental
prototype (= 250 kW) comprised of an electric motor, its drive and associated thermal
management system (TMS).

If successful, the ASCEND program will accelerate innovations and cause disruptive changes in
the emerging electric aviation field, which is poised to play a significant role in the near- and
long-term. The program will also further enhance the U.S. technology dominance in the field of
high-performance electric motors for hybrid electric aviation and a full range of other industrial
applications beyond aviation, such as electric vehicles, maritime technologies, wind turbines,
and off-shore drilling.

2. PROGRAM MOTIVATION

Air travel accounts for a considerable and growing portion of U.S. energy imports and
greenhouse gas (GHG) emissions. In 2017, the U.S. consumed nearly 3.5 quads equivalent of jet
fuel’. This accounted for about 3.5% of primary energy consumption, equivalent to about 16%
by volume of petroleum (crude oil and products) imports®. In the same year, air travel
accounted for about 174.8 million metric tons of CO; equivalent emissions in the U.S., or about
2.6% of domestic GHG emissions®. These numbers are only expected to grow: revenue
passenger-miles for flights originating and/or terminating in the U.S. and flown by U.S.
certificated carriers nearly doubled® between 2002 and 2018, and global growth rates are
expected to increase’’.

7 https://www.eia.gov/state/seds/data.php?incfile=/state/seds/sep fuel/html/fuel jf.html
8 https://www.eia.gov/totalenergy/data/monthly/pdf/sec3 9.pdf

% https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions
10 https://www.transtats.bts.gov/Data Elements.aspx?Data=3

11 https://www.iata.org/publications/store/Pages/20-year-passenger-forecast.aspx
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Decarbonizing and reducing energy consumption in the aviation sector is challenging?® 3. To
address these challenges, ARPA-E intends to focus on critical and enabling technologies for
electrified aircraft propulsion across several programs. It is estimated that narrow-body
aircrafts, or single-aisle aircraft, such as the Boeing 737, are responsible for nearly half of
aviation-related GHG emissions#. This type of aircraft constitutes the majority of commercial
aircraft flying worldwide today and accounts for the most passenger-miles traveled in the
U.S.2. It is anticipated that the majority of the global growth in passenger-miles flown will
come from these single-aisle commercial aircraft. Consequently, of all aircraft types, a
decarbonized B737-like aircraft would provide the greatest energy and emissions impact.
Hence, ARPA-E has selected the narrow-body, single-aisle, turbofan-powered Boeing 737-800
aircraft as the benchmark from which the program goals are derived.

Many possible pathways exist toward a decarbonized aviation sector powered by domestically
produced fuels. These include partially or fully electrified powertrains'3, though they face
multiple technical challenges. Hybridized architectures may combine gas turbines or other
combustion engines with electric generators, batteries (for supplemental power), and/or fuel
cells. Such configurations capitalize on the performance strengths of the individual technologies
to address the power and energy demands of different flight stages, leading to increased
overall fuel to thrust efficiency and hence reduced fuel burn!2. Furthermore, the use of electric
motors as prime movers favors the development of clean-sheet aircraft designs and offers
greater flexibility with better airframe integration, such as distributed electric propulsion and
boundary layer ingestion. These revolutionary design paradigms'® can improve the overall
aerodynamic efficiency of the airframe, further reducing the energy required to carry a given
payload for a given flight profile!’. Beyond energy impacts, electrified architectures can also
reduce aircraft noise emissions and increase reliability by increasing redundancy?®.

Current efforts to electrify aviation are predominantly focused on smaller, lower capacity,
urban applications®® or on drones, which can run fully on battery power. Most flyable, manned
all-electric aircraft to date are restricted to low takeoff weights (often less than a ton) and
typically have four or fewer seats'®. These demonstrators have served as a test bed for different

12.5,J. Davis et al., “Net-zero emissions energy systems,” Science 360 (6396), 29 June 2018.

13 National Academies of Sciences, Engineering, and Medicine, Commercial Aircraft Propulsion and Energy Systems
Research: Reducing Global Carbon Emissions, The National Academies Press, 2016.
https://doi.org/10.17226/23490.

14 B. Graver et al. “CO2 emissions from commercial aviation, 2018”, Working Paper 2019-16, International Council
On Clean Transportation,

https://theicct.org/sites/default/files/publications/ICCT_CO2-commercl-aviation-2018 20190918.pdf

15 https://www.transtats.bts.gov/tables.asp?DB 1D=130, Table T2

16 https://www.iata.org/pressroom/facts figures/fact sheets/Documents/fact-sheet-technology-roadmap-
environment.pdf

7K. Moore et al., “Distributed Electric Propulsion Effects on Traditional Aircraft Through Multidisciplinary
Optimization”, AIAA Structure, Structural Dynamics and Materials Conference, Kissimmee, FL, 2018.

18 Roland Berger, Think, Act: Aircraft Electrical Propulsion — Onwards and Upwards, 2018.

19 B. Brelje et al., “Electric, hybrid, and turboelectric fixed wing aircraft: A review of concepts, models, and design
approaches”, Progress in Aerospace Science, 109 (2019)
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architectures: series hybrid electric, parallel hybrid electric, and fuel cells, with a majority being
all-electric (battery-powered) configurations.

An all-electric propulsion system operating on CNLF would have net-zero emissions. This is the
motivation behind the ASCEND program targeting propulsion system efficiency and specific
power improvements that would make CNLF-powered, zero-net emission aircraft more
economically attractive (e.g., longer range, reduced fuel cost).

Accordingly, ARPA-E seeks to develop electrified powertrains for narrow-body, single-aisle
aircraft that operate on carbon-neutral liquid fuels® to disruptively advance the aviation
industry towards decarbonization. This will be accomplished by two programs targeted at two
specific technical areas:

1) The development of a highly efficient and lightweight system to convert CNLF to
electric power (REEACH FOA)>; and

2) The development of a lightweight and ultra-efficient all-electric powertrain that
converts electric power to propulsion (this ASCEND FOA).

A primary focus in each of the above-referenced two areas will be substantial improvements
in the specific power output and energy efficiency of the two systems and their components.

Several electric propulsion architecture options have been proposed??, but ARPA-E is interested
in a system architecture as shown in Figure 1. Under the REEACH FOA?>, the Energy Storage and
Power Generation (ESPG) sub-system is comprised of one or several CNLF -storage systems and
their fuel content, fuel-to-electricity conversion engines and associated balance of plant, and
potentially an optional electric storage device (e.g. battery) that will provide the supplemental
electric power needed during takeoff. Details of the ESPG requirements can be found
elsewhere.

On the other hand, the focus of ASCEND is the all-electric powertrain shown schematically in
Figure 1 (green box). It is comprised of a high efficiency, high specific power electric motor(s)
and, if needed, a torque amplifier (e.g. gearbox), its power electronics and controller, and the
thermal management system (TMS) for both the power electronics and the electric motor(s).
Details of the all-electric powertrain will follow in subsequent sections of this FOA. The electric
power generated will drive a set of next-generation, high efficiency propulsors (at least two, or
more in the case of distributed propulsion), each driven by its own all-electric powertrain. A
high voltage (= 1 kV), fault resistant, DC electric bus distribution system is envisioned to
transmit the electric power provided by the fuel conversion ESPG system to the electric drives
and motors that drive the propulsors. However, the bus distribution system as well as the
propulsor (e.g., propeller, fan) are outside the scope of this ASCEND FOA.

20 NAS Report, 2016. Modified from James L. Felder, NASA Glenn Research Center, “NASA Hybrid Electric
Propulsion Systems Structures,” presentation to the committee on September 1, 2015.
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Figure 1: A schematic block diagram of the overall propulsion system and the two sub-
systems that ARPA-E is pursuing.

While the dual technological thrusts discussed above will result in integrated systems
specifically designed for subsonic narrow-body aircraft, it is anticipated that the successfully
developed technologies would also find direct application in the nascent urban air mobility??,
unmanned aerial vehicles (UAVs), and select regional aircraft markets8!¢, which have
immediate needs for lightweight and high efficiency motors. As such, these markets are likely
to constitute the first adoption in the next 5-10 years. Subsequent deployment of the
envisioned technologies into the next generation of narrow-body aircraft may take a decade or
more?®,

D. PROGRAM OBJECTIVES AND TECHNICAL AREAS OF INTEREST

Aircrafts require high propulsive power during the takeoff and climb phases, and a fraction (25-
35%) of the peak propulsive power during the cruise phase. For the narrow-body aircraft
considered here, the takeoff and climb period typically can take up to 20 minutes, while most of
the remaining flight occurs at cruise conditions (depending on the flight profile). Thus, the
cruise phase is responsible for most of the energy consumption. Figure 2 shows the thrust
power calculated for a typical flight of a narrow-body commercial aircraft. Calculations show
that while thrust power and system-level power density (kW/kg) are critical during the takeoff
and climb phases of the flight, efficiency at both takeoff and cruise phases is important for
minimizing the energy consumption. Critical technical performance targets (i.e., power density
and efficiency) have been derived to meet the flight profile shown in Figure 2, except the
takeoff power has been downscaled to > 250 kW, which is deemed sufficient for the purpose of
this FOA for a proof of concept demonstration of the proposed innovations.

21 https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20190001472.pdf
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Figure 2: Modeled delivered thrust power profile for a typical flight of a narrow-body
commercial airliner.

ARPA-E’s internal analysis has determined that to complete a 5-hour-plus flight profile typical of
a narrow-body commercial airliner with performance similar to that of present-day aircraft, the
takeoff (peak) specific power density and cruise nominal efficiency of the all-electric propulsion
system must be > 12 kW/kg and > 93%, respectively. These are technically demanding figures,
and are well beyond state-of-the-art technologies. Meeting these requirements will require
creative thinking and innovation in the electric motor and drive. In the power electronics area,
advances in wide band gap semiconductors are already making a fully packaged inverter unit of
20 kW/kg and efficiency of 98.5% within reach?2. However, this does not account for the entire
weight of the associated TMS, and thus the resulting integrated power electronic system may
have somewhat lower respective power density and efficiency. Nevertheless, with higher bus
voltage (= 1 kV DC), and utilization of innovative cooling techniques, coupled with optimized
integration with rest of the system, ARPA-E anticipates that a power density of 30 kW/kg
(including TMS) and a 98% efficiency for the power electronics subsystem may be achievable.
Additional details on ARPA-E’s determination of these target metrics can be found in
references> 3.

Electric machines, on the other hand, suffer from relatively low power densities compared to
their respective drives. The best-in-class commercially-available electric motor today is believed
to have a power density of 5 kW/kg?*, and this is often without factoring in the entire weight of
the supporting TMS for the motor. Therefore, to achieve the overall performance targets for
this FOA, both the power density and efficiency of the electric motors must be substantially
improved. To achieve high power density and efficiency simultaneously, the two most
commonly considered approaches are (i) to reduce motor losses and (ii) to improve the heat
rejection from the motor. In the past, significant reductions in motor losses have been achieved
by using new materials technologies. Low-loss magnetic circuit steel materials, high energy

22 https://arpa-e.energy.gov/?qg=slick-sheet-project/inverters-heavy-equipment-applications

23 “ARPA-E Electric Motors for aviation workshop”, Michael Ohadi, program director. https://arpa-
e.energy.gov/sites/default/files/2 Ohadi_Workshop%20Presentation--Public%20release%20version.pdf
24 Specification of Siemens SP260D & SP260D-A aviation motor.
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density permanent magnet (PM) materials, and the selective and increased use of copper and
aluminum conductors have collectively provided low-loss excitation for the electric machines.
But reducing losses further has proven difficult and will require a combination of novel design
topologies, advanced cooling, and co-design of thermal and electromagnetic components.

For the second approach, improving the heat rejection from the motor, opportunities exist in
the development of integrated, low thermal resistance cooling techniques. These novel design
topologies are aimed at achieving compact, conformal systems with high heat removal rates
while keeping the associated fluid coolant pumping power low. In most cases, cooling
technologies for motors and their associated drives/power electronics have fallen behind the
rapid progress in cooling technologies that have been widely adopted in micro-electronics and
to some extent in selected power electronics?> 26, Among other areas, the approaches
described below are examples that can enable further cost-effective efficiency enhancements
and weight reductions while addressing the limitations of existing materials and cooling
technologies.

(1) Advanced winding and motor topologies. It is desired to decrease the stator’s end
winding length and mass to reduce associated losses, thus increasing efficiency and
specific power of electric motors. Advances in additive manufacturing (AM) and other
advanced manufacturing technologies make it possible to introduce novel end winding
designs and to introduce advanced insulation materials within the windings to facilitate
high thermal conductivity while meeting electrical insulation requirements?’. Such
improvements can increase the gravimetric power density of the motor, provided that
the conductor conductivity will not degrade with the AM process—a shortfall that some
AM technologies may need to overcome through innovative winding topologies (e.g.
shaping of the conductors)?®. Coreless architecture is another area where electric motor
designers can explore innovative winding topologies and materials to reduce high-
frequency eddy current losses. Such designs also could potentially operate at ultra-high
speeds and achieve relatively high specific power while maintaining relatively high
efficiency?®. AM and/or other advanced manufacturing techniques may also allow the
use of complex geometries that could enhance the airgap magnetic flux and incorporate
high effectiveness and integrated cooling mechanisms within the motor winding
designs°,

25 ). Broughton et al., "Review of Thermal Packaging Technologies for Automotive Power Electronics for Traction
Purposes", Journal of Electronic Packaging, Vol. 140 (2018). https://doi.org/10.1115/1.4040828

265, Yuruker et al., “Advanced Packaging and Thermal Management of High-Power Dc-Dc Converters”, Proceedings
of the ASME 2019, Anaheim, CA, October 2019.

27 https://arpa-e.energy.gov/?qg=slick-sheet-project/additive-manufacturing-electric-vehicle-motors

285 ). Raab et al, “Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam
Melting”, Advanced Engineering Materials, Vol. 18 (2016). https://doi.org/10.1002/adem.201600078.

29 K. Haran et al, “A high-speed, high-frequency, air-core PM machine for aircraft application”, IEEE PECI 2016.

30 A, Kallaste et al, “Additive Design Possibilities of Electric Machines”, IEEE RTUCON 2018.
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(2) Advanced insulating materials. A principal bottleneck in dissipating the heat generated
from copper losses inside a motor can be the slot insulation material that sits between
the winding and stator lamination. Materials utilized as electrical insulators inside the
motor inherently have poor thermal properties. For example, thermal conductivity of a
typical insulation material, such as Nomex, is less than 0.2 W/m-K. Potting and
varnishing materials used to protect motor windings from shock and vibration, which
simultaneously provide some thermal relief (better than air), have thermal conductivity
of only ~1 W/m-K. Such poor thermal properties of these materials limits heat rejection
from the windings, thus limiting the achievable motor power density and efficiency. In
the power electronics area, use of Boron Nitride/Aluminum Nitride (BN/AIN)-based
coating and potting materials filled with graphite/carbon nanotubes has improved the
heat rejection process from the switching device to the heat sink. Similar processes have
recently been adopted in electric motors as well, and 10x improvement in thermal
conductivity over industry standards has been reported3*.

Advanced insulation materials can also mitigate large voltage stress (dV/dt), corona and
partial discharge issues at high altitudes under conditions of reduced ambient air
pressure. The traditional method of using thicker insulation materials to accommodate
the higher voltages required for greater system efficiency are very unlikely to meet the
FOA metrics because of the thermal and weight concerns discussed above. Recent R&D
efforts show multilayer insulation techniques that can achieve 60 kV breakdown voltage
with only 0.55 mm of insulator thickness, which could pave the path for safe high
altitude, high voltage motor operation2.

(3) Advanced cooling techniques. For most commonly known designs, the gravimetric
torque density of an electric motor is a strong function of the current density, which in
turn is directly influenced by the rate of heat rejection from the motor. Commercial
state-of-the art electric motors are generally thermally limited at high power ratings.
Power and torque density capability, as well as efficiency, can be increased by mitigating
the thermal limitations of the motors through a co-design approach. Such approach
would utilize electromagnetics and thermomechanical design aspects. Current methods
for commercial motor cooling, such as oil bath or water jacket cooling, impose
limitations on power density due to lack of integrated, low-thermal resistance, and
highly effective motor cooling practices. This is particularly true for motors that operate
at higher voltages, which in most cases require thicker electrical insulation layers that
further limit the heat dissipation. Researchers have shown that significant potential
exists for improved direct (or near source) cooling techniques. For instance, the stator
windings generate most of the heat losses in electric motors, and examples show that

31 W. Yin et al, “Highly Thermally Conductive Insulation for High Power Density Electric Motors”, AIAA/EATS
conference, August 2019.

32 E. Shin, “Development of High Voltage Micro-Multilayer Multifunctional Electrical Insulation (MMEI) System”,
AIAA/EATS conference, August 2019.
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nearly two thirds of total motor heat generated is due to such resistive losses. By
employing inter-winding and intra-winding thermal management, recent studies
demonstrate that the power density of electric motors can be increased substantially33.
Highly potent working fluids that offer excellent thermo-physical and fluid flow
properties, such as select supercritical fluids which offer the density of a liquid and
viscosity of a gas, can also contribute to substantial additional cooling of motors. This
can directly enhance power and torque densities and efficiency. However, some
supercritical fluids may impose additional operating pressure limitations for the cooling
system and thus added design complexity. A recent review of thermal management
technologies for high power density electric motors can be found elsewhere33.

(4) Advanced structural materials. It is common practice in motor design to focus on
reducing the weight of torque producing (active) materials such as copper and steel. But
structural weight can also become significant when high power densities are desired.
This is especially true for air core and superconducting designs where structural weight
may dominate the weight of active materials. The weight of the motor can be
significantly reduced when traditionally employed metals are replaced with alloys and
composites such as carbon fiber-reinforced polymer composites, an advanced structural
material that is used in some aerospace applications due to its light weight and superior
thermal conductivity.

(5) Co-design and integration. A well-planned co-design approach is needed to take
advantage of the combined effects of advances such as those referenced above. For
example, a simple cooling feature added to an existing baseline motor design may not
provide sufficiently compelling results due to electromagnetic saturation. However,
when co-designed with the electromagnetics, novel thermal management technologies
can be utilized in the electric motors and associated power electronics to benefit the
power density and efficiency of the motor and its drive (i.e., power electronics). Co-design
of power electronics and electromagnetics can also lead to new topologies with greater
torque densities34. Similarly, integration of the power electronics with the electric motor
will lead to higher power densities and efficiencies, as this will eliminate lengthy
interconnections between the subsystems. And with continuous advancements in high-
temperature power electronics devices, the full integration of the motor and power
electronics is becoming feasible3>.

As such, this FOA calls for the development of a novel high specific power density and ultrahigh
efficiency all-electric powertrain that meets the prescribed operational and reliability metrics
pertinent to narrow-body aircraft applications. Further details and specific required metrics for
the FOA are provided in section D below.

33 D. Deisenroth et al., “Thermal Management of High-Power Density Electric Motors for Electrification of Aviation
and Beyond—a Review”, Energies 2019, 12(19), 3594; https://doi.org/10.3390/en12193594

34 https://arpa-e.energy.gov/?q=slick-sheet-project/more-information-uiucs-project-coming-soon

35 https://arpa-e.energy.gov/?q=slick-sheet-project/inverters-pm-machine-drives
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