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NASA Aeronautics @’

NASA Aeronautics Vision for Aviation in the 215t Century

Global —*

Safe, Efficient Growth )5 Transition to

in Global Operations v Low-Carbon Propulsion
" Innovation in Commercial . 77 ‘. Real-Time System-Wide

Supersonic Aircraft _.,_ Safety Assurance

fﬁ- Assured Autonomy for
Aviation Transformation

U.S. leadership for a new era of flight
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Strategic Thrusts 3 & 4 &

Hybrid Electric Propulsion Research Themes

Strategic Thrust 3: Ultra Efficient Commercial Vehicles

2015 2025 2035
Evolutionary gains for carbon Revolutionary improvements Transformational capabilities for
neutral growth by 2020 to fleet to achieve 2005 levels 50% reduction of 2005 Levels
| > ) o
m'_ - ;-—- < _
Evolutionary Revolutionary Transformational

Strategic Thrust 4: Transition to Low Carbon Propulsion

2015 2025 2035
>
Low-carbon fuels for conventional Introduction of Alternative Alternative Propulsion Systems to
engines Propulsion Systems Aircraft of All Sizes

* Integrated Technology Concepts (Vehicle / Synergy)
* Power and Propulsion Architectures

 HEP Components / Enablers

* Modeling, Simulation, and Test Capability



CO, Emissions Forecast through 2050

Credit - IATA .+« No action

o Thrust3a | Near to mid
o .
S Thrust1 | OPPOrtunity
E Thrust 3a | “Industry pull”
@
3 Thrust 1, Mid to far
£ Thrust 3a & opportunity
% Thrust 4 “NASA push”
= , Carbon-neutral
@ growth
o
o 1. Improve fleet 2. Beginning in 3. By 2050,

fuel efficiency 2020, cap net net aviation

by 1.5% per emissions carbon emissions | ~20% by 2050

year from now through carbon- will be half what

until 2020 neutral growth they were in

2025.
2005 2010 2020 2030 2040 2050

B Economic measures

. . . No actions trajectory

mmm  Net emissions trajectory

Bl Known technology, operations
and infrastructure measures

M Biofuels and additional
new-generation technologies




NASA Electric and Hybrid-Electric Roadmap

HYBRID-ELECTRIC
Improve Mobility?

CGIY
ALL-ELECTRIC and

Aircraft Fundamentally

:
-y~

Thin-Haul-Distributed Electric Propulsion

* Maximize aerodynamic, propulsion, and flight-
deck efficiencies for commuler aircraft

* Provide concept platform to infuse new |
technologies, develop certification standards,
and provide subscale demonstration
for <100 PAX & >

N AniC !A‘ I b
* Demonstrate robust transition between hover

SCEPTOR Flight Demonstration and forward flight
MK ESAmo S « Achieve 4 the cruise efficiency (lift to drag
to

 Scalable convergent electric propulsion ratio) p
technology operations research

Hybrid-Electric Vertical Lift Concepts

Leading Edge Asynchronous
Propeller Technology (LEAPTech)
WASA, £5Aem 301 o0y Aadat

* All electric aero-propulsive integrated testing

Risk Reduction Ground Testing
* Explore distributed propulsion vehicle
w7 architectures theough build, test, and iy cycles

+ Validate transformational electric propulsion
integration capabilities

What
TECHNOLOGIES and  KNOWLEDGE
BASES are Required?

Modeling Tools and
Analyses

* High-fidelity, muttidisciplinary simulations
* Power and energy management

« Controls and diagnostics

Hybrid Electric Integrated System
Testbed (HEIST)
* Hardware-in-the-loop
* Subsystem characterization
* lronbird system testing
+ Pilated Might simulations

NASA Electric Aircraft Testbed (NEAT)
* Scalable, recoafigurable fightweight power systems
* Multi-MW architectures

» Performance, thermal management, and
electromagnetic interference (EMI) testing

High Specific Power,
High-Efficiency Electric Machines

. and

configurations
* Advanced machine topologies
« Flightweight thermal management systems

Enabling Materials tor
* Motors and generators
« Power electronics
« Conductors and insulators

National Asronautics and
Space Administration

ircraft

Can
HYBRID and TURBO  ELECTRIC
Propulsion Enable  Significant Reductions in
Carbon Use and  Emissions?

Boeing SUGAR Freeze

Boeing SUGAR Volt

Parallel Hybrid-Electric Geared
Turbofan Architecture

RASE, Lokes Tocteal
VT Aevespace, o

(

Potential Flight Tests To Provide
Early Verification of Key Benefits

Ground Tests To Validate System Benefits
* Boundary layer ingestion

* Propulsion-airframe integration

* Turbine integration




Electric & Hybrid-Electric Flight Demonstration Plan

Hybrid Electric Propulsion Demonstrators

Rick Reduc imi Total Demonstration Cost: $700M
Ground Test Risk Reduction P“I’;'::i';:ry
Design & Build

, Fly, Learn”
Design & Build ’! Design & Build e —

Life Cycle Cost: $400-500M

Ground Test Preliminary Design & Build Flight Test

Risk Reduction Design

Potential ’ '\" e
wl'candidates o

Life Cycle Cost: $400-500M

“‘Purpose-Built”
UEST - |
Demonstrators

Groundyiest AL Design & Build

Risk Reduction Design

Life Cycle Cost: $850M
Preliminary . . | Jj.
: Design & Build
Design -

Fully integrated UEST Demonstrator
Life Cycle Cost: $430M
Design & Build

| | | | | | | | | |
FY17 FY18 FY19  FY20 FY21  FY22 FY23  FY24  FY25  FY26
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Armstrong Electric and Hybrid-Electric Propulsion Roadmap @

FY13 FY14 I FY17 I FY18 I FY19 I FY20

Adv Air ;;ﬁg" 1-2 MW Flight Project
Transport 5 Capturing _ /
Technology _ . #~. Complexities of .

AFRC/GRC 1 = Hybrid Architectures ‘

Performance and Control of Integrated Systems Testing in Preparation for 1-2MW flight demonstrator

Convergent o
Aeronautics Solutions '"ﬁ =
AFRC/LARC/GRC x :Hz--q\/
ESAero/Joby
Spiral Development
SCEPTOR 3000lb — 2019 for MW Scale

Team Seedling
AFRC/LARC
ESAero/Joby Risk Reduction for kW

airplane

Risk Reduction Testing for Airplane

WWW.Nnasa.gov 7



Turbo-Electric Distributed Propulsion (TeDP)

Turbine Benefits:

— Long-duration power req’d —

(cruise) _
Battery charging _
High specific power/energy _

Full System Benefits:

Electric Benefits:

Reduce emissions

Reduce direct operating costs
Increase propulsive efficiency
Power augmentation
Windmilling energy

Size engines for cruise instead of climb /
one-engine-out takeoff

Hybrid-electric propulsion is NOT replacement technology

» Allows for completely redesigned vehicles

* Propulsors located to reduce drag
* Propulsion-airframe interactions (PAl)

Develop technologies, integration strategies, and flight control algorithms

Spiral development to larger MW systems

airworthiness



Hybrid Electric Integrated Systems Testbed e

Turbo-electric Distributed Propulsion (TeDP) testbed connected to a piloted flight simulator

Architecture Description Hardware-in-the-Loop Testbed

e TeDP * Cockpit

e Simulation computer

 Hardware & software
disconnects

* 18 electric motors/controllers
 Total Power: 265-kW

* 65-kW turbogenerator  Emulate multiple failure types
e 200-kW battery system e Aerodynamic feedback using
« 325V bus architecture dynamometers

Dynamometers Dynamometers Dynamome ters
Ve

r §FE b E i b SR B p..
- _T' = 5 == j2svoc |

Battery Turbogenerator Battery Turbogenerator Battery Turbogenerator

Battery Powered Turbine Powered Hybrid Power Sharing



HEIST Objectives @

Hardware-in-loop testbed & control scalable to 1-2 MW
Test HEIST in flight-like manner with piloted SIM

Flight controls requirements for large benches
Degradation & failure modes of TeDP system

Hybrid power management

Explore different bus architectures

Design, fabrication, test, and lessons learned

New design trades for TeDP systems

*NOTE: This list is abbreviated,
several other lower-priority
objectives also apply

ERRCOE NGy

Improved flight maneuvers for TeDP systems



HEIST Project Timeline

FY2017 FY2018
Phase 1 Phase 2

Battery — 100 VDC
[

LabVIEW
control

| Turbogenerator
I

|
Mini-HEIST control development

Legend

LEAPTech & Mini-HEIST | HEIST Testbed



The LEAPTech Truck Experiment

18t Experiment of HEIST
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Mini-HEIST e

Dynamometer Simulator

* Aidin dynamometer
development

CANBus to s!mqlator

e |dentify CANBus protocols

Drag emulators |

e Connect to simulator for
aerodynamic feedback

* Aidin flight controls
research and feedback

* Drag emulator: ‘
torque ContrOl Propulsor emulators i

* Propulsor emulator:
speed control

WWW.Nnasa.gov 13



HEIST System Architecture

Mobile Trailer Setup

Trailer 3 Trailer 2
Fuel tank
Fl
meter e
[cen [ Bus ] [gatt |
Trailer 1 s
{ S

Power bus

&

HEIST Testbed
trailer layout

— Relay control lines
— Power lines

— Communication lines
[\ Contactor relay

Cockpit

v

I

CANBus = g omputer
node : ;
1
' v
P 1 Fllght control
HIU ,_:_I_’ computer

Outside hangar bay 4/5 ! Simulation floor - Bldg 4840

*NOTE: AC Power from turbogenerator is converted to DC power using an AC/DC converter on its own trailer (omitted for clarity)

WWwWw.nasa.gov
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HEIST System Hierarchy

L HEIST System
Level |
Module Wing Trailer AC/DC Converter Turbo Gen. Support Test Sim Lab Module Dyno. Trailer
Level Module Trailer Module Trailer Module Station Module (w/ facility pwr & signal 1/0) Module
| ———— | | —
i Ac/DC .
Traller #1 Converter 65 Brake / Drive
: ; Turbo. Motor
Wi Unit* 325V DC :
ing ni Gen.* I@ Voice—‘ Assembly 1-4*
Wing Support AC/DC User I/F*
Structure Converter Flow (w/ Core Framework) E-Stop I/F Trailer #3
325V DC Motors Trailer l\'nl'aer:‘:(;f . Azl el Ay
/ Controllers 1-18 Al E-Stop I/F Core Sim Lab Module &
Condi - Ce5 *includes cables to Framework Wing Trailer Module
onditioning . ) i
Battery System Unit Trailer Wing Trailer Module —
325V DC & Sim Lab Module Simulink
*includes C65 Models
cables to Wing Battery

CANBus*
*includes
HIU*

cables to Sim

Lab Module
Connectors,
Harnesses
‘ Secondary Structure ‘
DFI

‘ AC/DC Pwr Converter ‘

Subsystem ‘ E-Stop Interfaces ‘
Level

Trailer Module

*includes cables to

Wing Trailer Module

& AC/DC Converter
Trailer Module

Cockpit

FCC

Bldg 4840 Pwr &
Data Demark I/F




HEIST Communication Architecture @/

Turbogenerator
Flow AcDC [ -mmm !
x4 T metersi convert = xa |
® [ r I * . mmlam Brake motor controller
Propeller -, | M= - - - . Brake motor
motor @D ] l \ Dynamometers JM1 motor
controller ——C . ) l SN M1 motor controller
Y S I s \
CANBus

HIU node
2 ' SIM
'\ e computer

DC load bank g Fliaht trol J
- - ght contro

AC load bank BMS computer

Battery

Contactor relay —---Relay line =——CANBus =—=RS232 — — MODBus/RS485 ------ SCRAMNet === Ethernet

Hardware Interface Unit (HIU) handles all motor commands and sensor values
other than the Joby JM1 motor controller and BMS systems, which communicate
via CANBus

SCRAMNet is a shared memory fiber optic network
connecting the HIU to the core framework (SIM)
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HEIST Architecture Description / Interconnect Diagram

Bldg 4840 Elect. Pwr Demarc

>

Analog JM-1 Dyno Brake Motor 1-4 Cmds (RPM)

Junction Bax for JM-1
Dyno Brake Motors 1-4

Dyno Drive Motor 1-4

Dyno Drive Motor 1-4

=

WWW.Nasa.gov

Cmds (RPM) V, |, Temp, Torque, Accel, RPM status
5 g Out-door Ops support
. =4 ]:4_’1;\_ Manual
= = Brake motor j OO Emergency-stop Tes t
@ 3 1M-1 Drive mot = cro 2 T /
5 3 -1 Drive motor 2 _ 0 m ’ .
g1 = g o 6 2 raiier Use‘; I/0to Station
= £ o q ore
2 Drive Cont. ol ¥ : 3 MotadS 15 Cmd & Control of
2 £z — = 2 < iwem) #1 Framework g "\ Naus & HIU
A g ; é 2 ?5 Computer Inputs thru Core
E' % g‘ . g (fomiiiehrar) Framework
Power to IM-1 Dyno 2
Drive Motors 1-4 Tor 18 In-door Sim Room cons.
T ., o O Manual agspit
r a, er A Emergency-stop
s it CANBus
gla
#3 20 g 325 VDC / . —a Pass-thru/CANBus 1/0 to . ‘
N of > g I & from Cqre Framework =] _I
E zls o S s Vendor Motor 3-16 \" — ” .
e (=) = E3 = = & =) V, I, Temp, RPM status Option of Cockpit
% 2|2 P <z e 2 5 ‘-COF{T' = \ or FCC interface
X 2 5 - g o 215 =2 E Battery Cell Voltage & Temp. to Fiber—p. \ ith C
z i 5 e S ] . o Conversion \ W ore
] o El & ) 21e 8 & 4 Framework
< Z G 5 g8 £ = Core “
m = = —
L 20 S 3 “ Sensor Excite Power for Framework
7 Motors 3-16 & Dyno's 1°4 Computer
Battery H I U {w/ user 1/0)
Contactor Status . ________________ - ,‘ Pas_s—thru HIU I/ to & d
’§,'” 1 from Core Framéwork n
Motor 3-16 relay status . *Cooling unitincluded -~ Q g 2 Floor 4840
L - g
JM-1 Dyno Drive Motor 1-4 Power relay status L% ;_1 &
-l o7 =iz
L Q 3
Analog IM-1 Dyno Brake Motors 1-4 Torque, Temp, Accel, RPM, V, | Status > k o g
{ N BiS
325 VDC Gen. Gen. f AA A A [f
Contact Contact =l Is R Bldg 4840
=] 5 5 Q 2 B
Bldg 4840 \| CMD Status g} 1= ; : Data & Elect. Lege nd
Elect. Pwr E 4 [F 3 Pwr Demarc
Turbo Gen. bus V, | g el o o
Demarc 2= g P SIM Cooling Air
alg = g .
— = c
AC/DC Converter % _’i’ =3 F T!’O‘ller PRO —. Emergency STOP
- sle o -
Trailer éls | GrLFlow-meter H#2 | Electrical Power
AC/DC © o = Signal (cmd, status)
Air Cond Converter CMD 3
Unit Converter | 3-phase - Wall power source
480V AC
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Notional Hybrid-Electric Mission Profile @/

100%

92%

95% 85%
200 kW 200 kW

73%

86 66%
= = 509
120 kW 48% 56% 120 kW
80 kW
" 60kW — B60kW "GOKWSOR“?OKW 60 kW 60 kW "60KkW  B0KW
35 kW
= 20 kW
Start Taxi takeoff FuILpowor climb ' Climb 7 Cruise Loﬁm Descent Powered landing Landing /taxi End
Mission duration: 2% 3% 19% 43% 1% 13% 7% 2%
wws Motor load Turbine power Battery state-of-charge

Capabilities to demonstrate:
* 100% battery powered
 100% turbine powered
* Hybrid power sharing
* Notional missions (like the mission shown above)
*  Windmilling (shown for cruise, loiter, and descent phases above)
* Use battery to quickly spool up turbine
* Lessons and scalability for larger MW-scale architectures

WWWw.nasa.gov

90%

80%

70%

50%

40%

30%

20%
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Battery state-of-charge



How HEIST fits into the Electric & Hybrid-Electric Demos @Y

J')g ~ J’G |

10 MW somw  Superconducting

9 Seat
0.5 MW Total Propulsive Power

50-250 kW Electric Machines %5+ Scaled-up hardware using lessons from HEIST

o

19 Seat
2 MW Total Propulsive Power
A-1 MW Electric Machines ‘—3./ " D
50 Seat Turboprop N 4
— 3 MW Total Propulsive Power
e .3-6 MW Electric Machines

Right side is the size of a generator

‘ 1 12 MW Tftg|?a$g;l]1|§it\,e Power ‘ ‘i for a twin turboelectric system for
P = 3.6 MW Electric Machines a fully electrified airplane
\—
150 Seat
22 MW Total Propulsive Povrer p L
1526 MW Electric Machines ="~ ~ &
150 Seat , P
| 22 MW Total Propulsive Power k —
\.wv” 1-11 MW Electric Machines *
300 Seat -~
_ 60 MW Total Propulsive Power
: 3-30 MW Electric Machines
1
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