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l. Introduction to Electrification
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Electrified Aircraft Propulsion

The Light Side of
Electrification

The Dark Side of
Electrification

Jet A:

https://climate.nasa.gov/

True zero emissions

(in flight) e T Sy 11.9 kWhikg
Quieter > e ~ Lithium-lon Battery:
0.2 kWhikg

Propulsive flexibility B 20 times heavier

High efficiency Thermal issues

! Reliability and Safgty gnd
maintainability A simple fueto-battery swap is not feasibl certification
o T UKS I__JK eaAOa <cdzadu Battery life and
Cost of electricity aircraft classes. .
degradation

Lifecycle cost of CO,
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(Some) Electrified Propulsion Architectures
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Electrified Aircraft: A Diverse Design Space
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Joby Aviation S4 2.0 Pipistrel Alpha Electro UTC Hybrid-Electric Vehicle _ NASA SuSAN _

Urban Air Mobility Electric Propulsion Parallel Hybrid Electric Propulsion Partially Turboelectric Distributed Propulsion
Image Credit: jobyaviation.com . Image Credit: pipistrel.si Image Credit: tech.utc.com Image Credit: nasa.gov
Electric

Turboelectric

A ")(‘\‘”: s \

.

NASA Lift + Cruise eVTOL NASA X-57 Mod IV Electra.aero Ultra Short NASA STARC-ABL
Turboelectric Propulsion Distributed Electric Propulsion Hybrid Turboelectric Propulsion Partially Turboelectric Propulsion
Image Credit: nasa.gov Image Credit: nasa.gov Image Credit: electra.aero Image Credit: nasa.gov
More range and payload
100% Less dependence drattery 0%
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l. Introduction to Electrification

Why Electrify:Opportunities and Challenges

https://climate.nasa.gov/

Case StudySystems Design and Analysis for
NASA EPFD Project
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System Design and Analysis for NASA Electrified
Powertrain Flight Demonstration (EPFD) Project

Objective: Explore the design space for the thin-haul and regional vision systems with parallel hybrid
electric propulsion system architectures for the NASA EPFD project (2019Y 2025).

A Cinar et al., 2023Journal of Aircraft

A Cinar et al., 2022IEEE/AIAA Transportation Electrificatio@onferencgBest Paper Award)
A Cai et al., 2022IEEE/AIAA Transportation Electrificatio€onference

A Pastreet al., 2022 IEEE/AIAA Transportation Electrificatio€onference

Reference Aircraft

Modeling Advanced Technology Hybrid Electric Aircraft Sizing
Aircraft Sizing -
> /{\5> as
o

Advanced _|

Technology _@ Physics-based
Modeling & ] — _ Electrified Propulsion
Integration s L @ Modeling & Integration
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Baseline Architecture
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Flight Mission Performance of a Conventional Aircraft
Primary Mission <:||:> Reserve Mission

Loiter Divert
Cruise FL100 FL100
6000 FL250 45 min 87 nmi
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Electrification Enables Higher Propulsive Efficiency

Primary Mission
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Electrified Propulsion Modeling: Components
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Parallel Hybrid Electric Architecture
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Electrified Propulsion Modeling: Components

Parallel Hybrid Electric Architecture

Turboshaft
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Electrified Propulsion Modeling: Components &
Power Management

Parallel Hybrid Electric Architecture | Modes of Operation
el tank T omatt A Takeoff power shaving A Electric taxi
@ 1%} | A Climb eboost A In-flight battery recharge

*
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Electric Flow Path: Power ‘
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ni ‘ Engine only

(+) Current  Discharge mode 1 Ah = Total -4 ------
................... > boosting
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Total I (/8
. Engine + Motor
boosting
altituV
Engine only

.

Battery Power Electric ‘
Electronics  Motor / 1 ]
e NI ectric Flow Path (' How much electric power? Power
Recharge mode 8 e U  When to electrify? - Management
‘ U How long to electrify? Strategy

Need advanced computational methods for the co-design and optimization of aircraft configuration,

propulsion system architecture and hybrid operation.
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Methods

Applications

System Design and Analysis for Advanced Concepts

Multidisciplinary Analysis

Adaptive Power Control
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A Energy-based aircraft sizing and
synthesis

A Graph-based propulsion system
framework enables design and
performance evaluation of

advanced aircraft concepts with
any type of propulsion system

A Allows for rapid comparisons
between diverse architectures and
flight operations
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To To T Do
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Propulsion System Sizing
and Performance
A Parametric, physics-based
subsystem models
A Interdependency and
Property Matrices

Power Management Strategy
A Operational control points and variables
A Mission related constraints
A Performance related constraints

Cinar, G. (2018). A methodology for dynamic sizing of electric power generation and distribution architectures (Doctoral dissertation, Georgia Institute of Technology).
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Aircraft design Is (for the most part) a continuous
optimization. Hybrid-electric changes that.

O] = ) Electrified — - - -
O] > — Conventional Propulsion Architecture
— Q Propulsion % "OQ

| Architecture S| T 0

& ] fect TR
, S — =
& and many more Fewer, continuous design variables
RS I NOKA G SO0 dzNB & X
= S

Graph-based Propulsion System Analysis
for systems -level architecture exploration, operation, and evaluation
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Number of Cells \

Method evolutionCinar, 2018 Original formulation |Cinar. et al., 2020Aircraft Engineering and Aerospace Technologyefined methodNokotoff. et al., 2025Aerospace Science and Technoldgyost advanced formulation.
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Graph-based Propulsion System Analysis
for systems -level architecture exploration, operation, and evaluation.
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Mokotoff. et al., 2025Aerospace Science and Technology
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Methods

Applications

System Design and Analysis for Advanced Concepts

Multidisciplinary Analysis Adaptive Power Control
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Design Space Exploration Powered by Machine Learning

Physicsbased Code _ _
Computationally Expensive Design of Experiments Artificial Neural Networks

Inputs I
Vehicle -
t Geometry !
sizing :
1 Energy 1
| source sizing 1
1
| Power 1
| source sizing 1
I

] Thrust I
1 Propulsion system sjzing source sizing !

. e . [1 13, Eise Missng )

- Weights » 9], Hise Miss
:lteratton on Empty Weight [1x9]. Esemissng )
Aerodynamics
Crusse charging C-rate
Power ngnNm(ﬂooer!'rv_ﬁ {ar . toar_} m..m—.;.ng)
Management i)cﬁanNr.v-\(Usc["an {taise . wve_} [l;(vblw(sv'g)
Propulsion : . et < []
i i Mission {I TanH ( 05 +T#7 + [38x1] ) I l \l
i lteration on Gross Weight
S O Isosurface [ Show formula
Need to sweep through the
p g (¢] X v Value Grid
. . . it 7oy, ) O Block Fuel (kg) () > | 1123776
combinatorialdesign space to explore ront Py 02 0oy, | Toowty —— 1o
M"‘OM isito 0. ® O Motor Power Split ¢ O | 0.19674/[]

Wy, 2
005 10000 ,/"/Ue O Total boosting altitude ()= =) 3684 [

system level impact of variations in " S e e e R Rapid Design

C
Climb motor power code ——Jfi -] 37.07 -

technol ti deli baomy g T etz Space Exploration
eC n O Ogy, O pe ra- I O n ] m O e I n g Power conv specific power (kW/kg) C (} ) 23913
’ ) Electric motor specific power (kW/kg) ¢ '\f): D | 164003

|_ X X d Y‘ LJ " 7\ 2 b4 X Cell-level specific energy (kWh/kg) ———(——— | 0.626888 p Owe re d by
a. a Z u a. Cell density (kg/m3) cx ] 2739
Cable wire diameter (mm) ¢ (> ) 34,8874
Battery pkg weight scaling factor C (x ) | 0,620939 S u rro g ate m 0 d e I S

Else Missing (x -) 0
Steady Taxi Speed (kts) ¢ x ) | 24,0602
Taxi Time (m) ¢ § > | 7.510933
Cruise charging C-rate () > | 0269234
™ —(—— 0
T#10 Xx =] 0
T#21 § ] 0

Cells in series per module 13

Cells in parallel per module | , v
. ) R ) ) ) ) Boost Strategy Hi-alt v
Gokgin 0 har | cinar@umich.edu | www.gokcincinar.com Ui —— 20


mailto:cinar@umich.edu
http://www.gokcincinar.com/

ML-Assisted Multidisciplinary Design Exploration & Optimization

Neural-network surrogate of the feasible MDA enables fast exploration and robustness analysis.

Requirements analysis Disciplinary analysis

and robust design  impact visualization a Dynamic sensitivity analys’s  Realtime constraint analysis and cascading impacts at

different design levels

surrogates
Design Factors ) Component Level q
%) Wing Aspect Ratio — ] P =
% SLS Thrust ——r—
< SLS ElectriGas Turbine Power Split — | Component Level
8_ Specific Energy Battery Cell —— [ §
g Maximum Discharge Rate ——— || T i
o Specific Poweg Electric Motor :O: p” —
- Specific Poweg Power Electronics —— ( System L__eVEl
Q System Voltage —— i
o Eboost Altitudec [Segment] —(—
8 [Segment] power split —
5 Response Contours
~ Predicted Thrusto-Weight Ratio =
— Predicted Wing Loading <:3€>:’

Predicted Maximum Takeoff Weight <C®Il:l

T R L g e e TR 5 | ™ — Predicted Empty Weight  —
) L T, e A . — Predicted Block Fuel —
JERIATNTER L o ’::'I;._.I T Design Factors — Predicted Cruise Lifo-Drag Ratio < e —"

Surrogate model trained on converged MDA results Y continuous mapping between design variables and feasible aircraft outcomes.
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Electrified Powertrain Flight Demonstration Project

Cinar et al., 2023 Journal of Aircraft

Predicted aircraflevel metrics update with
every feasible design.
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@ E-Iectrified Powertrain Fliqht Demonstration Project
Benefit Assessments of a 50 pax 2030 EIS
Hybrid Electric Aircratft

Power Management Strategy:

Block  Cruise avg Engine SLS Electric motor  Battery
OEW TOGW

Scenario fuel BSFC rated power  rated power  capacity (ke) (ke) i S.I: 5% motor power Sp” t

(kg) (Ib/hr/hp) (kW) (kW) (kWh) ' ' ’

S.0 - Advanced Conventional 1165 0.3679 1657 N/A N/A 10419 16539 fu.” SOHEIr L takeoff, full

S.I - EAP no e-taxi: no charging 1151 0.3684 1598 84 75 10494 16778 climb eboost at ful power

comparison over S.0 -1.17% +0.13% -3.61% - - +0.72% +1.45% 0 S.lI: 5% motor power Sp|it,

S.II - EAP no e-taxi; battery charged 1150 0.3687 1586 83.4 37.8 10463 16657 full power at takeoff, low

comparison over S.0 -1.29% +0.22% -4.28% - - +0.42% +0.71% alt. climb eboost at 25%

S.III - EAP with e-taxi; battery charged 1074 0.3697 1456 237.0 133.2 10542 16895 motor power for 2500 ft

comparison over S.0 -7.81% +0.49% -12.13% - - +1.18% +2.15%

S.IV - EAP with e-taxi; no charging 1055 0.3700 1476 240.3 IRty U S.lII: 14% motor power spli

comparison over S.0 937% | +0.58% -10.92% i i +1.86% +3.55% full power at takeoff, low

altitude climb eboost at full

: : . _ . _ _ motor power for 12000 ft
Surrogate-assisted mixed-variable search identifies Scenario IV as the fuel-best design,

even with slightly higher cruise BSFCY because engine down-rating and system-level 0 S.IV: 14% motor power spl
allocation dominate. full power at takeoff, full
climb eboost at full power

BSFC: Brake Specific Fuel Consumpt@BW: Operating Empty Weight
TKO: Takeoff TOGW: Takeoff Gross Weight
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Methods

Applications

System Design and Analysis for Advanced Concepts

Multidisciplinary Analysis

Adaptive Power Control
Low altitude boost: El D
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Framework

Reference Aircraft [i\
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Advanced Technology
Aircraft Sizing

Graphbased

Surrogate Modeling

,
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Hybrid Electric Aircraft Sizing

o
‘\/\J

2030
Technology
Modeling &
Integration

@0 |
_@ Physics-based
Electrified Propulsion
@ Modeling & Integration

Design Space Exploration
& Optimization

NG |
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W

Robust Design with Best Power
Management Strategy
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l. Introduction to Electrification

l1l. Digital Transformation

Why Electrify:Opportunities and Challenges

https://climate.nasa.gov/

Case StudySystems Design and Analysis for
NASA EPFD Project
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TX| TKO |CLB (lenlt)| CRZ m DSC. m
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AEROBASE
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v AR

Avallable on GitHub Aircraft and Engine Registry Open-Source Database

Over400 turbofan aircraft 70 turboprop

EASA aircraft, and200 gas turbine engines

European Aviation Safety Agency

Federal Aviation

. . . Aircraft Airbus A319131
Administration

A
o» 2

EIS 1997 Engine
PAX 145 EIS
AI R B Us Range 6,667 [km]  SLS Thrust

MTOW 75900 [kg]  BPR

@ﬂﬂt—'[ﬂﬁ

Engine IAE V5205 TSFC &rs

Sources FAA A28NM, # Shafts

A319 APM
Sources

A Acar, et al. 2025Journal of Aircraff DOI: 10.2514/1.C038340
A Arnson, et al., 2025lournal of Aircraft in press. freprint available on lab websjte
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IAE V52205
1996
102,000 (N)
4.9

OEW 40,800 [kg]  TSFC at SLS0.34 (1hr)

0.57 (1hr)
2

P&W Manufacturer
Catalog, EASA E069
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i Historical Trends In
Kev Performance Parameters

Journalof Aircraft,
-\..; DOI: 10.2514/1.C038340
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Y FAST Probabilistic Regressions on
Aircraft Performance Parameters

Gaussian-process regressions reduce sizing uncertainty Tool Aanostic
and extend historical methods to electrified aircratft. 9
Leading Data-Driven Method Development V AST
N

o . 40
OEW Regression Error Benchmarking T /\VI/\RY
12
10 5 :
5 ¥ T e o i
8 Adaptable to Electrified Concepts
-30
6 40
0 1 2 3
4 ———— Airframe +Structures +Operations
(|
2 40 *
o ol o n i . W , . .
20 W W W W
-2 U
‘§’ 0
-4 410 Aircraft Predicted ASO (kg) True ASO (kg) Difference (%)
Mean (%) Median (%) Std. Dev. (%) Skewness Kurtosis -20 SUSAN 39.310 39,800 -1.231
-6 =0 SUGAR Volt: Balanced 33,530 36,070 -7.042
| FAST m Multivariate Linear Fit m FLOPS 0 1 2 3 SUGAR Volt: Core-Shutdown 40,820 38,290 +6.607
Actual OEW (kg) x10°
Raymer (7th ed.) H Jenkinson Roskam

Arnson, et al., 2025ournal of Aircraft in press. freprint available on lab websjte
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Open Sourcen GitHub

X ®

AEROBASE

Over400 turbofan aircraft,

70 turboprop aircraft, and
' 200 gas turbine engines.
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REGRESSIONS

Front View

[/}

Shaft Power
(Mw)

150 200 250 300 350 400

Net Thrust
(kN)

o] — =) —— @~ Q)

150 200 250 300 350 400

50 100 150 200 250 300 350 400

Machine-readable

(kg)

Climb (m/min)

Rate of
Fuel Burn

Propulsion

Architecture
Encoding

150 200 250 300 350 400

—> C/QQ_'®

Distance
Flown (km)
Battery State
of Charge (%)

50 100 150 200 250 300 350 400

1
O O O O o o O o o
O O OO O o O o o
O O O O O o O O
O O O O o o +» OO0
O O O O O o o
O O O O O o o
O O o+ O » OO0
O O Fr OO O OO o
O O O O o r OO Oo

L———————J

\/

150 200 250 300 350 400

\
50 100 150 200 250 300 350 400
Flight Time (min)

| IDEAS

Mokotoff et al., 2025Journal of Aircraft DOI:10.2514/1.C038452

29


mailto:cinar@umich.edu
http://www.gokcincinar.com/
https://doi.org/10.2514/1.C038452

Image creditnasa.gov

Gokein 0 har | cinar@umich.edu | www.gokcincinar.com


mailto:cinar@umich.edu
http://www.gokcincinar.com/

UWUCPXu" Vwt dggngevt ke" Fku\

Image creditnasa.gov

‘ [ DEAS Gokgein D har | cinar@umich.edu | www.gokcincinar.com 31



mailto:cinar@umich.edu
http://www.gokcincinar.com/

SUSAN Propulsion System Model in FAST

—————. - ——

Boundary Layer Ingestion
TSFC reduced by 1.6%

Vprafile =u(y)

Vfreeszream = U

Boundary |

Rfuselage

‘ Fusel age

Wang, et al., 2025, AIAA SCITECH ForurdQOl: 10.2514/6.2022376
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Aft
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USANIN FAST

Novel Equivalent Thrust Method for Accurate Hybrid -Electric Fuel Flow
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Select Configuration and
Engine Inoperative Scenario

Continuous Performance Requirements
Applicable to All Aircraft Concepts

Propulsion System Performance and Safety
from Operational Conditions
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U-M Aerospace Engineering

H, Tank Integration: Student designs ~"Fues. faizox
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