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Why is ESAero here with the Billion Dollar Companies? -——
10 Years of “eAirplane” Development E/S/
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Design as an Enabling Technology

Component Databases and Knowledge
ESAero utilizes populated databases for hybrid-electric
vehicle components

« Energy Storage (batteries, fuel cells, supercaps, flywheels)

*  Electric Motors/Generators

* Engines (turbines, diesels, UAS) HJ (fif rt-i—,
«  Controllers, Inverters, Rectifiers [

*  Power Cabling/Traction Bus

Generate empirical models
Establish technology trends
Identify suppliers

100000 |

MMMMMM

10 100 1000 10000 100000
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6
Design as an Enabling Technology \ —
Electric/Hybrid-Electric Components Applied to VTOL E/S|

Investigated electric and hybrid-electric rotorcraft (5,000 — 30,000 Ib DGW)

» Helicopters

« Tilt-Rotors

« Compounds

Today, heavy electric components reduce payload capability.

Range improvements possible with greater efficiency, improved integration (PAI) & energy management.

With +30 year technology, hybrid-electric rotorcraft can be competitive with conventional systems.
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Design as an Enabling Technology -——
Hybrid-Electric Applied to Rotorcraft E/S/|

Energy Management and Mission Planning are critical to hybrid rotorcraft 10000 | e
= Equivalent Power Rating
« Balance dissimilar energy sources 5000 565 Faoropoeasanyrirnc BN
« Continuous vs. Peak operation g [
. £ 4000
« Thermal management of electrical components =
2000
« Consideration for OEl/contingency cases . |
. 120 140 160 180 200 220 240 260
« Concrete Knowledge about Components and Failure Modes Arspeed, KTAS
. . . State-Modified Range Indicator
Power Distribution Control Schemes 10000 [ e s ()
Engine-Only Battery Boost 6000 2 Propnd By Filfe
E
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Hybrid-Electric XV-15
Synthesis

The Hybrid-Electric XV-15 powertrain integration is still complex
compared to the XV-15’s and requires specific locations for bulky

components (otherwise known as batteries!).
Into this:

How do we turn this:

Mk B A
eamio 5.!5;_$:l
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IGING GERCBK 20,771 14551 o More Details on FRIDAY from Reed Danis, ESAero:

Battery |

FIGURE 2.8, DRIVE SYSTER SCEATIC 2:30 — 3:30; Challenges of Hybrid-Electric VTOL Propulsion
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Space Claim Challenges —

Electric Propulsors integrate several components with competing SWaP sensitivities

Electric Motors: X-57 Tip Nacelle Components
« Larger diameter improves weight & efficiency but increases frontal area

JMX57 Cruise Motor

Electric Speed Controllers:
* COTS controllers are volumetrically inefficient

Transmission:
* Major EMI challenges MT
* Tight bend radii Electric —
* Long cable lengths Prop

* High voltage raises MAJOR safety concerns
« But allows smaller gauge traction bus

Thermal Management:
* Low quality heat from electronics
* Low natural thermal capacitance of lightweight machines
* Rejecting heat to airstream adds mass and cooling drag

Ducted Fans:
« Larger diameter improves propulsive efficiency
* Longer duct inlet improves pressure recovery
* Maintaining optimal airfoil t/c changes wing AR

ESAero/WRC FOBE’s
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X-57 “Maxwell” PrOJect Approach “——

Mod 1

Vod 3 E/S|

Spiral development
process
* Build — Fly — Learn

DEP Wing >\
Development & Fab I

DEP Wing
. Integration
N

JuBY

A Y I AT I ON

Ground validation of N -
DEP high lift system . ey - | e !
“LEAPTech” , )ZW |

‘:’% | - \% “nie— SYSTEMS
| >t
&

Xperimental, LLC

< A \4%
Ground and flight test = \_%
Flight testing of validation of electric I
baseline Tecnam motors, battery, and Flight test electric motors _ o
P2006T Instrumentation. - relocated to wingtips on DEP Flight test with integrated DEP
[ wing including nacelles (but motors and folding props (cruise
Goals: . no DEP motors, controllers, motors remain in wing-tips).
- Establish Baseline Goals: or folding props).
Tecnam Performance + Establish Electric Power System
* Pilot Familiarity Flight Safety .
* Establish Electric Tecnam
Retrofit Baseline
Mod 1 ; : — . Achieves Secondary Objectives
Achieves Primary Objective of High - DEP Acoustics Testing
Speed Cruise Efficiency * Low-Speed Control Robustness
» Certification Basis of DEP Technologies
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X-57 Traction Bus

Current Sensor

Contactor

Voltage Sensor

Busbar

Precharger

Empirical Systems Aerospace, Inc. wWww.esaero.com

E/S|

Redundant traction buses. Each high-lift
motor alternates buses, cruise motors pull
50% power from each bus.

Buses protected in separate ducts for
Isolation, shielding and protection.

Command and Instrumentation systems
routed and shielded separately to avoid
interference and common failures.

Redundant bus design supports Mod IV
(branches to each high lift motor).

Custom "flat cable" for lower inductance
and Electromagnetic Interference (EMI).

EMI radiated emittance tests and thermal
dissipation tests performed at the NEAT
facility (Plum Brook Station).

January 16t, 2018




X-57 Cruise Motors

Additional Flight motors being manufactured.

Air cooled, direct-drive out-runner design further optimized
for X-57 based on prototype performance (demonstrated
large margins).

Expected cruise operating point between 42 and 45 kW.

Tailoring FAA engine design acceptance testing (Part 33) for
NASA flight qualification.

Initial Flight Motor Integration Underway.

Empirical Systems Aerospace, Inc. wWww.esaero.com
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X-57 Cruise Inverters . ——
 Qdesys Motor Control implemented E/s|

on Xilinx Zyng FPGA+ARM

Redundant architecture: each power
train contributes half of the torque

Aluminum enclosure (EMI shielding)
Aerospace connectors for /0.

Prototype Running at 200% of rated
power

Software initial release validated.

Environmental screening (shake and
bake) of prototype unit completed.

January 16, 2018
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X-57 High Lift/Distributed Electric Propulsion System EF/

= High Lift System implemented during MOD |V.

= Mod Il dummy nacelles must model OML to account for i s @
drag penalty. HE

= X-57 team developed initial blade geometry for uniform
axial velocity increase and folds nearly flush with high-lift
nacelles in cruise.

» CFD indicates wing and propeller design will
meet or exceed requirements for stall speed.

= DFx about to start at ESAero

14
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X-57 Flight Batteries (Original Approach) E/S|

e

* Major Lessons Learned for Aviation Battery
Development.

« Use of lighter more energetic cells can pose
greater safety risks.

* Cooling of cells while minimizing cell-to-cell
propagation risks.

« Containment of gases and particulates drive
closed designs and increased weight.

cpP

SYSTEMS

« Lighter weight Thermal Management &
Containment is possible.

« eVTOL target of 30% Packaging overhead is
achievable and to be demonstrated on X57.
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X-57 Flight Battery Destructive Testing

SYSTEMS
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X-57 Flight Batteries (New Approach) E/S|
« EPS Led, ESAero and NASA Supported Design. 51.‘35

« QOrganized into 16 battery modules per aircratft, split into
two packs, each with 8 battery modules and a control
module.

» Cooling analysis drove module spacing.

* Nickel Cobalt Aluminum 18650 cells selected:; Cells
arranged in 20p16s modules.

 Each pack is 20p128s; 47 kWh useful capacity, 461
VDC nominal (416 to 525 across SOC range), peak
discharge of 132 kW.

*  Will comply with flight environment, including 18 g crash
loads, -5 to +45 °C operating environment.
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X-57 Successful Destructive Battery Test

——

o g )

e 4

port

SYSTEMS

https://www.nasa.gov/centers/armstrong/feature/X-
57 battery _major_milestone.html
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ePropulsion Growth Potential
Hybrid Electric Propulsu o

Prove Out Transformatlonal Potential

+

A

Environmental Benefit

Empirical Systems Aerospace, Inc.

@“ E/S/AERD

R ¢

Single Aisle Transport oy "

Explore and demonstrate

vehicle integration synergies
enabled by hybrid electric
propulsion

Transport
.,‘_(;_qncepts

Increasingly electric
aircraft propulsion with
minimal change to
aircraft outer mold lines

Transforrr}a'gfonal -

Modeling

: &
Explore Architectures Concepts >
Test Beds eVTOL Small Aircraft
Component Improvements | _Gp#iexperience through
integrg#®n and demonstration on
progressively larger platforms
Knowledge through Integration & Demonstration A=
WWW.esaero.com January 16t, 2018




How will AEP Become Reality Across Vehicle Classes —

Two-Tiered Approach EIS|
Early Conceptual & Preliminary Design!
Low(er) TRL Evolutionary & Revolutionary
Concepts, Designs, Methodologies and Tools
Large Power System & COMPONENT DEVELOPMENT

Transport Focus!

Transformational Focus!

Hardware!

*Gain Experience with the Systems and COMPONENT INTEGRATION:

*Airworthiness & Operations; X-57, Uber, e-Fan, Joby, Pipistrel, Zee, Bell, Aurora, etc.
*High Power Lab Systems; Ironbirds, NEAT, AirVolt, HEIST,

*Multidiscipline System Integrations; LEAPTech, NASA/ESAero X-57, X-Planes, SureFly, etc.

Empirical Systems Aerospace, Inc.
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AIAA/IEEE EATS Symposium — Call for Papers —

The aerospace industry has set ambitious goals for the next three generations of commercial transport aircraft to accommodate rapid growth in emerging markets and ensure E/S/
sustainability of air travel. One approach being explored to meet these targets is non-traditional aircraft propulsion using electric, turboelectric or hybrid-electric powertrains. Recent
workshops by the IEEE and AIAA have identified the need to bring together electrical engineers and aerospace experts as the industry looks to more electric propulsion technologies

for future aircraft. The event will be co-sponsored by the IEEE (led by the Transportation Electrification Community), AIAA (led by the Aircraft Electric Propulsion and Power Working

Group), and the University of Illinois at Urbana-Champaign (Grainger Center for Electric Machinery and Electromechanics, College of Engineering). This two-day symposium will

focus on electric aircraft technology across three programmatic tracks: (1) electric-power enabled aircraft configurations and system requirements, (2) enabling technologies for

electric aircraft propulsion, and (3) electric aircraft system integration and controls. Papers are solicited in specific areas of relevancy including, but not limited to, the following:

Track 1: Aircraft Configurations & Systems Requirements

. System feasibility studies S SIYQI':ZP?)I:I%I:‘AFT
. Electric-enabled innovative aircraft design and propulsion concepts
. Electrical powertrain performance requirements

] Safety’ critical failure mOdeS’ certification 12-13 JULY 2018 | DUKE ENERGY CONVENTION CENTER, CINCINNATI, OH An dy G I bSO n , E SAe ro

The aerospace industry has set ambitious goals for the next three generations of commercial transport aircraft to
° LlfeC Cle ener 0 eratlonal Cost and em |SS|On anal SIS accommodate rapid growth in emerging markets and ensure the future sustainability of air travel. One approach being - -
Yy ay, op ) Y explored to meet these targets is non-traditional aircraft propulsion using electric, turboelectric, or hybrid-electric powertrains. I e C n I C a ‘ O - ‘ al r
Recent workshops by the IEEE and AIAA have identified the need to bring together electrical engineers and aerospace
experts as the industry looks to more electric propulsion technologies for future aircraft. For 2018, the AIAA Aircraft

Trac k 2_ En ab | | n g TeC h n O I 0 g | es Electric Propulsion and Power Working Group, the IEEE Transportation Electrification Community, and the College of An d reW. G I bS O n @ esae ro . CO m

Engineering of the University of lllinois at Urbana-Champaign are collaborating to organize a new two-day symposium to
address these issues. The event occurs on 12-13 July following the AIAA Propulsion & Energy Forum.

° M aChIneS and drlves Integ ratlon for Optl m um performance The symposium will focus on electric aircraft technology across three programmatic tracks: (1) electric-power enabled
. Conventional, cryogenic, and superconductin SAeeef i e e SR, A0S A A R i 6 e ARG, B Tt MO 1
! y g ! p g the following h - I I |
. Fault tolerant power systems and components ) ) _ P I Anse ’ U I U C
I 1
° Ener Stora e devices and S Stems Aircraft Conﬁgurations & B Enabling Technologies ‘System Integration and Controls - -
gy stora ystems Technical Co-Chair
. Electric machine and turbofan engine integration > System feasibity studies IR e > Fault isolation and reconfigurable
. New material solutions or applications ? Ceomamapopenconcep SN T et anselll @ lllinois.edu
. ) Electrical powertrain performance > Fault tolerant power systems and
. Novel thermal management solutions requirements components P/ Integiated elect:thermal =ysteins
. . . ) Safety, critical failure modes, ) Energy storage devices and systems 2 System modeling tools
. Verification and testing certification N » Monitoring and diagnostics

> Lifecycle energy, operational cost, engine integration
and emission analysis L]
> New material solutions or applications
.

> Novel thermal management solutions

Track 3: System Integration and Controls FEBRUARY 15TH

. Electric powertrain architectures Soonsorsilise
+  Fault isolation and reconfigurable systems £ I Sl e AATS e ot e il A4 1 spiesai 8 P GAIAA.
° Energy management systems ? anseM@ilinois scy s e e ol
. Integrated electro-thermal systems &IEEE
. System mode”ng tOOlS For complete Symposium details visit: '
. . . aiaa.org/EATS I ILLINOIS
. Monitoring and diagnostics
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