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Physics-based models across Statistical learning, Surrogate-assisted,
fidelities, integrated with probabilistic design, and multi-objective trades from _ )
MBSE/MDAO for end-to-end surrogate modeling for robust component to 6 PhD students * 1 Research Associate * 6 Master's
analyses. decisions. system-of-systems. 3 Undergraduate Researchers
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I. Introduction to Electrification

lll. Digital Transformation

Why Electrify: Opportunities and Challenges

https://climate.nasa.gov/

Case Study: Systems Design and Analysis for
NASA EPFD Project
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System-of-Systems: Fleet operations

Fleet Metrics - 2025

“PHL

Gokgein Cinar | cinar@umich.edu | www.gokcincinar.com

Digital Thread for Sustainable Propulsion
System Design

Model-based Systems Analysis & Engineering

MBSE: Aircraft Data Hierarchy: MBSA:
Systems Design MBSE API: Source of "Truth” MBSA API: Systems Analysis
Requirement Validation Read Structured Design Data Read Design Optimization
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Electrified Aircraft Propulsion

The Light Side of — The Dark Side of
Electrification Electrification
True zero emissions [ ; Jet A:
(in flight) el e iz " 11.9 kWh/kg

Lithium-lon Battery:
0.2 kWh/kg
~60 times heavier
Thermal issues

Quieter
Propulsive flexibility

High efficiency

| Reliability and Saf.efcy apd
maintainabinty A simple fuel-to-battery swap is not feasible certification
— the physics just don’t close for most Battery life and
Cost of electricity aircraft classes.

degradation

Lifecycle cost of CO,
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(Some) Electrified Propulsion Architectures

Fully Electric Turboelectric

| ank boshaf Electric ~ Propeller /
Fuel tank Turboshaft Generator Motor Fan

[ SORCEY

Power Electric  Propeller/
Battery  Electronics Motor Fan

_________________________________________________

Power Electric
Battery Electronics Motor

| tank boshaf Electric ~ Propeller /
Fuel tank Turboshaft Generator Motor Ean

- O-E-8

Battery

i B =«-.., @ | Propeller /

Fan

—=

Fuel tank Turboshaft
T T T L ...and many more

architectures!

, “Hybrid”: when there is more than one energy source for primary power & propulsion
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Electrified Aircraft: A Diverse Design Space
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Image Credit: jobyaviation.com Image Credit: pipistrel.si [T e (6 TUE o

Electric

NASA Lift + Cruise eVTOL NASA X-57 Mod IV Electra.aero Ultra Short
Turboelectric Propulsion Distributed Electric Propulsion Hybrid Turboelectric Propulsion
Image Credit: nasa.gov Image Credit: electra.aero

NASA SuSAN

Partially Turboelectric Distributed Propulsion
Image Credit: nasa.gov

Turboelectric
e N

PR

h— -~

NASA STARC-ABL
Partially Turboelectric Propulsion
Image Credit: nasa.gov

Image Credit: nasa.gov
More range and payload

100% Less dependence on battery
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Agenda

l. Introduction to Electrification Il. Advanced Concepts lll. Digital Transformation

Why Electrify: Opportunities and Challenges

Case Study: Systems 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 (2019—2025).

e Cinar et al., 2023, Journal of Aircraft

* Cinar et al., 2022, IEEE/AIAA Transportation Electrification Conference (Best Paper Award)
* Caietal., 2022, IEEE/AIAA Transportation Electrification Conference

» Pastra et al., 2022, IEEE/AIAA Transportation Electrification Conference

Reference Aircraft

Modeling Advanced Technology Hybrid Electric Aircraft Sizing
Aircraft Sizing -
' “, % \ [ I3 i//;}i?«?‘,
> /{\5> as
o

e A \‘
Advanced _|
Technology _@ Physics-based
Modeling & . — _ Electrified Propulsion
Integration o @ Modeling & Integration
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Payload (1000 Ibm)

Baseline Aircraft Modeling and Mission Performance

Baseline Aircraft

Power: 2x1610 kW
MTOW: 41,000 Ib
Design Mission: 801 nmi, 48 pax @ 209 |b

Baseline Architecture
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Primary Mission

- ‘ Reserve Mission

0

X Loiter Divert
Cruise FL1ioo FL100
FL250 Descent 45min 87 nmi
/ Landing
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Flight Mission Performance of a Conventional Aircraft
Primary Mission <:||:> Reserve Mission

Loiter Divert
5000 Cruise FL10o FL100
FL250 i i
5 Descent 45 min 87 nmi /\
At o W2 —&—\
2000} Landing
Taxi-in X2
0.4
0.3 J
Mach
0.2
0.1
Engine is sized for takeoff peak...
i Engine 1 « Engine is sized for short-duration
ine 2 .
shattpower outout’ ...but operates for hours at Fneine takeoff peaks =» oversized core, off-
(kW) 500 partial power during cruise! design cruise, higher TSFC.
* Takeoff power requirement dominates
50017 Lh a system whose efficiency is
| | | | . .
0o 50 100 150 200 250 determined by cruise.
Time min
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Electrification Enables Higher Propulsive Efficiency
<:| :> Reserve Mission
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Primary Mission

) £z}
-\
@ @ A @_ X2

Electric assist covers the short
takeoff peak =» smaller core tuned
closer to cruise power.

Even though cruise remains non-
hybrid, its efficiency improves — a

clear example of systems thinking.

Loiter Divert
Cruise FL10o FL100
FL250 i i
5 Descent 45 min 87 nmi
Landing
Taxi-in
i Engine takeoff power “shaved” by the e-motor
Th | - 1 . .
co::ma More efficient engine during cruise
I
[ |
E-Motor | | | | LL
50 100 150 200 250
Time min
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Electrified Propulsion Modeling: Components

Conductors
Insulation
Void Space ?
l;/lha.\glr:ftlc Cooling
I€lding Jacket
4 S oAl
— 1A
—25A
10 A |1
6

Time (hours)

Cell-level

| IDEAS

Parallel Hybrid Electric Architecture
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Electrified Propulsion Modeling: Components

Parallel Hybrid Electric Architecture

Turboshaft

Fuel tank Engine

Propeller
Electric Flow Path: Power
Split —

(+) Torque Unit
(+) Current  Discharge mode
- mm n mm on Em on Em on Em on Em on mm o mm o mm o »
Battery | bus Motor ~
Battery cable cable Power Electric
Electronics Motor /
Generator
€ =t et mm s ek mm s o e s = — Electric Flow Path:
(-) Torque

Recharge mode
(-) Current

YV V VYV

Notional mission profile

»
>

£
®

Mg
X

Altitude

»
»

Distance

How much electric power?

When to electrify?
How long to electrify?
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Electrified Propulsion Modeling: Components &
Power Management

Parallel Hybrid Electric Architecture Modes of Operation

Turboshaft o

Fuel tank Engine Takeoff power shaving * Electric taxi
@ {E}’ * Climb e-boost * In-flight battery recharge

*
S

Propeller l * |:| D

‘ Low altitude boost:
Electric Flow Path: Power i
Split — !
(+) Torque Unit ; I:l/
ni ‘ Engine only

(+) Current  Discharge mode 1 Ah = Total -4 ------
= s o mm s mm s mm h mm s mm e s > 1 boosting

altitude _I_. Engine + Motor
Battery | bus Motor ~

cable cable

High altitude boost: |:| EI

Ah= ¥ T o
Total (/8
. - Engine + Motor
boosting
altituV
Engine only

.

Battery Power Electric ‘
Electronics Motor / l ]
Generator ‘ .
e _ Electric Flow Path: » How much electric power? Power
Recharge mode (-) Torque > When to electrify? — Management
(-) Current .
> 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

T I
| | I A, El D i High altitude boost: El El
E ressns E - : Ah= YT @
E P - - | |:| /;Eng ine only \ : boo;l;—f()i;agl I___ (/Engine + Motor \
(R Ah=Total - ===~ : altitude
Ma:ngm'm l bgﬁﬁﬂgg ._I‘é/Engine + Motor : .%gine only
Reference Aircraft K\ {/ g— _ o .
Modeling Advanced Technology Hybrid Electric Aircraft Sizing
Aircraft Sizing :
o
Advanced : T a _I
Technology _@ Physics-based
Modeling & i o _ Electrified Propulsion
Integration Rl @ Modeling & Integration
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E-PASS: Electrified Propulsion
Architecture Sizing and Synthesis

anananan
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framework enables design and

Mission Analysis

I
Initialization Disciplinary Analysis Drag Sizing and Synthesis :
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synthesis . Top level ] | ||::> Dynamic Subsystem
aircraft A V Performance
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« Graph-based propulsion system BS pased Weight £t> bomooe- i
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Generic |
|
|
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performance evaluation of Fropulsion Torusy | | fh |

. . Performance 1 < '
advanced aircraft concepts with Characterisic V| —
any type of propulsion system T ] _ If_ Qt ______ ;y'_';'_' ''''

Propulsion - = p M t Strate
) ) . P | System S ower Managemen ay
e Allows fOr rapld comparisons Alr)cet;;::::itour:e rop:nzlgr;rfgfn?:,c;zmg « Operational control points and variables
. . . Enerav Sources « Parametric, physics-based * Mission related constraints
between diverse architectures and . Pows, Sources subsystem models + Performance related constraints
. . + Thrust Sources * Interdependency and

flight operations . Interdependency Property Matrices

Matrices

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.

A

Energy

Number of Cells

v

Zling — Electrified —

Tk & q

0 Propulsion —3 QD
—> | Architecture o) —

+ = Eh

=T
— @-’ v . OQO
& [ and many more
=i = architectures...

Conventional Propulsion Architecture

g
o] — = — Sk

Fewer, continuous design variables

2

for systems-level architecture exploration, operation, and evaluation

|

Q-_,_,Lﬁ_,® /\ Foo10000007] |
= ° | o oo0o ooo ] |
Machine-readable | ooo0o 100100 |

Propulsion | o oooo0oo0oo0o0 1] |

= Architecture a= I 000000100 I I

=1 = ((;Q_’® Encoding | o oo0o0o000 1 0] |
_‘—>C/ \/ |l oooo0oo0o0o00 0] |

— Looooooooo] |

Graph-based Propulsion System Analysis

_/

Method evolution: Cinar, 2018 — Original formulation | Cinar. et al., 2020, Aircraft Engineering and Aerospace Technology — Refined method | Mokotoff. et al., 2025, Aerospace Science and Technology — Most advanced formulation.

S IDEAS
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Graph-based Propulsion System Analysis
for systems-level architecture exploration, operation, and evaluation.
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Mokotoff. et al., 2025, Aerospace Science and Technology
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System Design and Analysis for Advanced Concepts

Multidisciplinary Analysis Adaptive Power Control

Inputs

======

Methods

Graph-based
Framework

Reference Aircraft [i\ {

Modeling Advanced Technology Hybrid Electric Aircraft Sizing
Aircraft Sizing \

=4

M

% U __'/ 8/

Applications

3 /’4\?% o
o
Advanced e _| .
Technology _@ Physics-based
Modeling & i o _ Electrified Propulsion
Integration U @ Modeling & Integration
‘ ( ‘VI DEAS Gokein Cinar | cinar@umich.edu | www.gokcincinar.com

19


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

Design Space Exploration Powered by Machine Learning

Physics-based Code

Computationally Expensive Design of Experiments

Artificial Neural Networks
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ML-Assisted Multidisciplinary Design Exploration & Optimization

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

Requirements analysis Disciplinary analysis : o : , , . o
g . Y . P . ry . Y Dynamic sensitivity analysis Real-time constraint analysis and cascading impacts at
and robust design impact visualization and : .
different design levels
surrogates
Design Factors ) Component Level g )
Wing Aspect Ratio — ] i SR
n SLS Thrust e m—]
g SLS Electric-Gas Turbine Power Split F— | f : Component llevel
< Specific Energy — Battery Cell :’Q: Lv‘
8_ Maximum Discharge Rate ——— || P e )
$ Specific Power — Electric Motor :’{}: y —
o Specific Power — Power Electronics —— f System LEk/_E1
8 System Voltage —— , p
'S E-boost Altitude — [Segment] :&Af: : !
e} [Segment] power split —— _
g Response Contours
" Predicted Thrust-to-Weight Ratio =
— Predicted Wing Loading =
Predicted Maximum Takeoff Weight <C{>:I:J i
— Predicted Empty Weight <—>
0 . — Predicted Block Fuel < —— ‘ ’
TR T T B Design Factors — Predicted Cruise Lift-to-Drag Ratio (——

Surrogate model trained on converged MDA results — 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 aircraft-level metrics update with
every feasible design.
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@ E.Iectrified Powertrain Flight Demonstration Project
Benefit Assessments of a 50 pax 2030 EIS
Hybrid Electric Aircraft

Block  Cruise avg Engine SLS Electric motor  Battery

Power Management Strategy:

OEW  TOGW

Scenario fuel BSFC rated power  rated power  capacity (ke) (ke) = G S e T el
(kg)  (Ib/hr/hp) (kW) (kW) (kWh) | ' /

$.0 - Advanced Conventional 1165 03679 1657 N/A N/A 10419 16539 full power at takeoff, ful
S.1- EAP no e-taxi: no charging 1151 03684 1598 84 75 10494 16778 climb e-boost at full power
comparison over S.0 -1.17% +0.13% -3.61% - - +0.72% +1.45% » S.II: 5% motor power split,
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 e-boost 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 240.3 205.2 IRENVILYA >~ S.!II: 14% motor power split,
comparison over S.0 937% | +0.58% -10.92% i i +1.86% +3.55% full power at takeoff, low

altitude climb e-boost at full

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

even with slightly higher cruise BSFC—because engine down-rating and system-level » S.IV: 14% motor power split,

allocation dominate. full power at takeoff, full
climb e-boost at full power

BSFC: Brake Specific Fuel Consumption OEW: Operating Empty Weight
TKO: Takeoff TOGW: Takeoff Gross Weight
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Methods

Applications

System Design and Analysis for Advanced Concepts

Mult|d|SC|pI|nary Analysis

Adaptive Power Control Surrogate Modeling

Low altitude boost: D D
L 2

======

R ....P%T\ A
“é./ @ F) ~ flx) +e¢
~

,| Graph-based

Framework

Reference Aircraft [i\
Modeling

2030
Technology
Modeling &
Integration

Iy $

Advanced Technology
Aircraft Sizing

Hybrid Electric Aircraft Sizing

A
@0

_ Physics-based
® @ Electrified Propulsion
@ Modeling & Integration

Design Space Exploration
& Optimization

_ N |

Robust Design with Best Power

Management Strategy
O TX  TKO CLB CRZ DSC
TX = TKO CLB (full) CRZ DSC

TX | TKO | CLB(lo-alt)  CRz. 4 DSC | 4
- TKO  CLB(lo-alt) CRz_ 4 DSC [ 4
MW X KO CLB (full) CRZ DSC

Engine only Low assist Moderate assist [l Full electric

Battery charging

S IDEAS
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I. Introduction to Electrification

Why Electrify: Opportunities and Challenges

https://climate.nasa.gov/

Case Study: Systems Design and Analysis for
NASA EPFD Project

./l/;;fga){
,:‘;;;9( 7 -

lll. Digital Transformation

TX | TKO | CLB (full) CRZ DSC
B x| 1Ko |cLB(lo-alt)| CRZ[ M |psc |
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Qaps:O
"'.c'@"r?' ‘t

AEROBASE

ltv

2 @VFAS T
AR AEROBASE

Available on GitHub Aircraft and Engine Registry Open-Source Database

Over 400 turbofan aircraft, 70 turboprop

EASA aircraft, and 200 gas turbine engines.

European Aviation Safety Agency

Aircraft Airbus A319-131

A
o =

EIS 1997 Engine IAE V522-A5
PAX 145 EIS 1996
AI R B U s Range 6,667 [km] SLS Thrust 102,000 (N)
MTOW 75,900 [kg] BPR 4.9
@ﬂ”fl”ﬁ OEW 40,800 [kg] TSFCatSLS  0.34 (1/hr)
Engine IAE V522-A5 TSFCatCrs  0.57 (1/hr)
Sources FAA A28NM, # Shafts 2
A319 APM Sources P&W Manufacturer

Catalog, EASA E069

e Acar, etal. 2025, Journal of Aircraft, DOI: 10.2514/1.C038340
* Arnson, et al., 2025, Journal of Aircraft, in press. (preprint available on lab website)
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Historical Trends in
Frrhiet Key Performance Parameters

~: DOL: 10.2514/1.C038340

Aisle Designation - Airbus Bocing 777X
I v A% VI Double Single + Boeing (Expecte
100.00% : - Foldin
g -~ 1 ot - . Wy 4 el £ + Bombardier
.| . » Wingspan 60 1z e b McDonnell Douglas
v ] W FOR g . N e . s m
95.00% -om odd ., (m) ;g PR ?-.-.:: - Scimitar| « Other
hdad *e e 7
o g Raked | LR B .
= 90.00% Wing Area 800- - 2
S we oo 153
= m? — des a
L - - p— R ! It
= W w . 0d ' o wgpon pum gy | g =)
= 85.00% W w &
g <= 12, <= :
E: Aspect 1 e L Y B s Fence n-lh-----{xl oo 33 §3% .
g 84 — - F et e
80.00% - Ratio 1 REOY X
41 Canted 1osfss e :§§§ tox ¥ o
s . @ Tail Height 221 : -
5.00% " c o and -ogm O y ']
e TR R L e P X 11120 01| AR Y
- + Wingtip Device v SO
Tl9s0 2000 2020 1980 2000 2020 1950 2000 2020 1980 2000 2020 L. I e e £ S e e s St e
Certification Date 1960 1980 2000 2020 1960 1980 2000 2020 1BCy L0 80 By AU 2010 2120 2030
Certification Date

Aircraft Certification Date

Y =1.995 - 1.958*X + 0.9306*X? - 0.1481*X* Y =0.9125 - 0.1277%X + 0.01905*X? - 0.001056*X*
1.24R2 0700 R?: 0.823 R’ 0.060 T o OP&w11006
0.40 12
035 . - ..
g 10 . e o o
_ E © c ¢ GEIO
£10 £ 030 . ® - -
= = © eee o . * .
e
2 %025 z o 8 :
2 = z 2
=5 Sh . & =}
@] B . 4 ~
= = 0.20 . 2 2 L . CEM 56
& 08 > R™ 0.534 & A . L S I
Z £ 040 . : @m L T e )
2 Z g A Sl TSR T W I R - -
£ 3 3 LD,
&) ﬁ 4 oo . .o .o .
@
0.6 @
S
JT8D
2 - .. - Aisle Designation
B e . « Twin
04 .20 0 === = Single
Lo 15 20 25 30 35 0 2 . 6 8 Lo 1960 1970 1980 1990 2000 2010 2020 025 0.30 035 0.40
Fan Diameter (m) Bypass Ratio Aircraft Certification Date Thrust-to-Weight Ratio (Aircraft)

and Informs Electrified Aircraft Design

( ‘VI DEAS Gokein Cinar | cinar@umich.edu | www.gokcincinar.com


mailto:cinar@umich.edu
http://www.gokcincinar.com/
https://doi.org/10.2514/1.C038340
https://doi.org/10.2514/1.C038340

> FAST Probabilistic Regressions on

'RESSIONS

QO Aircraft Performance Parameters

S

-3 GRESSION.
ry .

(4
-
(N

Gaussian-process regressions reduce sizing uncertainty Tool Adnostic
and extend historical methods to electrified aircraft. 9
Y FAST

¥
11
AR
%
-

40
OEW Regression Error Benchmarking ) - Weerrr /\V I /\ RY
12 0
S 10
10 5 o
¥ ¥, 0 ° .
8 Adaptable to Electrified Concepts
-30
6 -40
0 1 2 3
4 ———n Airframe + Structures + Operations
(|
2 40
- I A " B Waso
) I . = Wuyro — WPayload - WEnergy - WPropulsion
-4 410 Aircraft Predicted ASO (kg) True ASO (kg) Difference (%)
. Mean (%) Median (%) Std. Dev. (%) Skewness Kurtosis -20 SUSAN 39,310 39,800 -1.231
0 SUGAR Volt: Balanced 33,530 36,070 -7.042
W FAST M Multivariate Linear Fit H FLOPS % 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., 2025, Journal of Aircraft, in press. (preprint available on lab website)
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x\(

AEROBASE

Q)]

Over 400 turbofan aircraft,
70 turboprop aircraft, and
200 gas turbine engines.

Adaptive, Multi-Fidelity Aircraft Design via Integrated Data- and Physics-Based Modeling
- ,.

S -
_—» C/QQ_'®

Aircraft
Specifications
User-
Inputs

Mission Profile

Initialization

Airframe and
Propulsion System
Sizing

OEW Iteration

Mission Analysis

Energy Source
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MTOW Update

Propulsion
Architecture
Encoding

Machine-readable

\/
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Open Source on GitHub
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\
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| IDEAS

Mokotoff et al., 2025, Journal of Aircraft, DOI1:10.2514/1.C038452
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NASA SUbsonic Single Aft eNgine (SUSAN) Concept

Image credit: nasa.gov
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SUSAN's Turboelectric Distributed Propulsion

Image credit: nasa.gov
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SUSAN Propulsion System Model in FAST

Electric Engine

Electric Engine

—————. - ——

Electric Engine

Electric Engine

Electric Engine

Electric Engine

Electric Engine

Electric Engine

Bl Turboshaft

Electric Engine

Electric Engine

Boundary Layer Ingestion
TSFC reduced by 1.6%

Electric Engine

Vfreeszream = U

Vprafile =u(y) Vavg =u

Boundary layer

Fuselage wall

Riyselage

S IDEAS

Centerline of fuselage

Wang, et al., 2025, AIAA SCITECH Forum, DOI: 10.2514/6.2025-2376

Aft engine

Gokgein Cinar | cinar@umich.edu | www.gokcincinar.com

Electric Engine
Electric Engine
Electric Engine

Electric Engine

1R

Electric Engine

w

2


mailto:cinar@umich.edu
http://www.gokcincinar.com/
https://doi.org/10.2514/6.2025-2376
https://doi.org/10.2514/6.2025-2376
https://doi.org/10.2514/6.2025-2376

Novel Equivalent Thrust Method for Accurate Hybrid-Electric Fuel Flow

USAN in FAST

Tequ equ

3 T 2 T
. q equ
equmax equmax equmax

=, x10* Altitude Profile
e ‘ ¥ ¥ ¥ ¥ ¥ ¥ N w I— i Propulsor |
(0]
Sa- | ey
=R i | | | x x x | 1 R o |
0 50 100 150 200 250 300 350 400 450 500 L g x T
) Time [min] X Lwing fan
X 5
= Airspeed Profile T 7
g 500 | * * * * * * | N e
& X -
z o x x x x x x x x x
2 0 50 100 150 200 250 300 350 400 450 500 e Sutocta B Ll Tfan
F_ Time [min] -
£ 4 — Fuel Burn & Battery SOC Profiles &
2 <10 T Fuel Bum T T T il T T I 100 8 __________________ T
g 2r o —50 0 i Ix Electric Propulsor |
m > ] |
- —— I x x x x x I g ] |
0 0 3 B : L :
§ 0 50 100 150 200 250 300 350 400 450 50 R | e iopote 8 X TWlng fan
Time [min]
Required - Turboshaft 5
_ Thrust Profie &
< T T T T T Available - Turboshaft T _
=200 Available - Electric Engine —
3 100 - —
£ 9 | [ [ I I I | —
oo 50 100 150 200 250 300 350 400 450 500
. . Required - Turboshaft .
Time [min] Reg.u‘,ed_aecmc Engine Weight FAST Results
S or B | ___ Power Profile putrolt o Group (Ibs)
Tl / m i MTOW 188302
2 I I I I I I I — 30
o 0
o0 50 100 150 200 250 300 350 400 450 500 20 OEW 108447
Time [min] £ 10 Airframe 79365
g Power Output ]W =
S 20 I F I I I I fl——— Electric Engine I fL\ I 0 Payload 39710
= -10
o 10 /\ -
. | | | | | | — Block Fuel 30305
o o0 50 100 150 200 250 300 350 400 450 500 50 Propulsion
Time [min] System 15087
11,000 Ibs less fuel than Boeing 737-8Max Battery 8319
Block Fuel 30305
Wang, et al., 2025, AIAA SCITECH Forum, DOI: 10.2514/6.2025-2376 y (ft) -50 0 x (ft)
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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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‘ &~ IDEAS Mokotoff & Cinar, 2025, Reliability and Performance Trade Studies for NASA's Subsonic Single Aft Engine Aircraft. In AIAA SciTech 2026 Forum (accepted). 34
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Why Electrify: Opportunities and Challenges

https://climate.nasa.gov/

Case Study: Systems Design and Analysis for
NASA EPFD Project
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| IDEAS
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U-M Aerospace Engineering

H, Tank Integration: Student designs *"

2 183 ft >
125 U — 13ft [¢—
1823 i JR=-25 [ $5.61 /‘1
. s 33 12,51t
. : T CT T\ 5
< > 4
4!) 1717 ft L8t 52t
< 76.41 ft > 4 : ’
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Design Space Exploration and Performance Analysis of
Fuel Cell Propulsion Aircraft SIKORSKY

Clean Sheet Design

Fuel Cell Propulsion System and Operation Modeling Tank Integration — Retrofitting

A @) lél Current density, A/em? 0.6 0.9 1.1 1.3 1.6
n__fin ? ? [ -
@:I’ — ; —— — A — i — g Tank color E 458 | 3,000
— DC-DC DC-AC Electric £ €
H2 tank Fuel Cells Converters Inverters Motor Propeller ® =3
. G 305 1,500 g
2
£ o
v & e :
| | E 458 3,000
DC-DC Payload ] E
Converters| Consuming v 3
Power (a) Original seat map of Dash 8 Q300. n?g 305 - 1,500 g-»
) 4
£
e 3 R
. 152 |
| Lotter: | { 1 g 8 35000
Cruise: Additional E— e E B
Cruise speed: 51 — 85 m/s Cruilse (b) 100% power split (c) 75% power split. 3 305 1500 =
Service ceiling: 30 mins nﬁ& 1 g’
1,524-10668m | =~~~ 7 l"1 !lHHHHIH £ _ - ¢
W & 152
™ Descent: . ( 5 1,524 6,100 10,668 1,524 6,100 10,668 1,524 6,100 10,668 1,524 6,100 10,668
'g Climb Descent rate: Lo - Service Ceiling (m) Service Ceiling (m) Service Ceiling (m) Service Ceiling (m)
= Cl;ib .rale’ | 122 - 365 m/min (d) 509 power split. (e) 25% power split.
= -
152 — 456 m/min
| ? s | 19 GTow = GTOW massfraction= 0.7 GTOW massfraction= 0,6
i Eg £ Eo 8 e 1,814 kg H, graindex = 0.4 H, graindex = 0.6 H, graindex = 0.4 H, graindex = 0.6
t - H 3 % v £ T 458 10,000
Takeoff: . : g5 & S5 & 85 g =
€ : i 5 5 % ¥ E
e e 1L ) : ¢
& 3 3 S 5 £ 305 so00 &
o A : :
4 E ? i £
i—e—Rct ain 250kPa (2020) 32 wn§ 32 3 32 8 15 |
-5 -Ref. a in 100kPa (2020) 7 By L £ 458
‘ Ref. b in 100kPa (2023) 06 08 1 12 14 18 06 08 1 12 14 18 08 1 12 14 18 _E =
“ * -State-of-the-art: Ref. ¢ in 150kPa (2024) Current density, A/em® Current density, A/em? Current density, Alen? < -;
\ ¢ Now: Powercell in '00“’3 (a) The change of the total mass of the (b) The change of the total volume of (c) The change of the volume of hydro- & 305 g
“*~ Powercell target: 2 A/em~ whole system. tank and FCs. gen tank. E
- * Powercell target: 3 Alem? s " i g I —
Z Future: Powercell target: 4 A/em ~ E 3
% Eg € g
g H - g 8
= ] <5 E 305! £
§ s s g A .ﬁ o
. 3, 3 15
X g g4
b € _
Y $2 3
N 3 E £
* o6 08 1 12 14 16 06 08 1 12 14 18 06 08 1 12 14 16 §3“5 5,000 %
04" 0‘5 l s 5 25 3 i p Current density, Alem?® Current density, Alen? Current density, Alem? £ | «
’ : - = 5 : (d) The change of the shape of hydrogen (e) The comparison of total mass volume (f) The change of the weight of FCs, tank B} 152 0
Current Density (A/em ) tank. of the system. and LH2 fuel. 1,524 6100 10,668 1,524 6,100 10,668 1,524 6100 10,668 1,524 6100 10,668

Service Ceiling (m) Service Ceiling (m) Service Ceiling (m) Service Ceiling (m)

*  Wang, & Cinar, 2024, AIAA AVIATION FORUM AND ASCEND, DOI: 10.2514/6.2024-3829 (Best Paper Award)
e Wang, etal., 2025, [EEE/AIAA Transportation Electrification Conference and Electric Aircraft Technologies Symposium, DOL: 10.1109/ITEC63604.2025.11098128
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Why Electrify: Opportunities and Challenges
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Case Study: Systems Design and Analysis for
NASA EPFD Project
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Power Management Optimization for Hybrid Electric
Regional Aircraft on Sequential Missions

1 2 3 4 5
PHL 10000 ‘ ; ‘ ' ' 200
= Q)
s 12 E <000 1200
sa /. MEM = 100 2
® 45 =
TUS ) 0 w w : w : ' 0
“lan 0 2 4 6 8 10 12 14
Beyond the Design Mission: Optimizing Power Management Across o
5 Mg 9 =
o
Real-World Airline Operations
Minimize fuel burn for all flights in a S
daily sequence is o
n BZN — ; K
BTV
minimize Wik = o o MSMKE GrR sgosvR P w
kzl [k Controlling the power usage in - omadSM it oTw Lsin&%s
= . 1 PIT
_ each flight separately s O . Met-f 2‘3&’&“”” Ve
by varying  PCgm,k,i, PCor ki, R £ it BV g
sgiBrL FLG ABQ  AMA oxcFsh {17 MEM SZGHI\YSGsF'—T 7 S
subject to 0% < PCimpk,i < 100%, 0% < PCar,: < 100%, ey o pawar <
TUS JAN SAV
20% < SOC), < 100%, TOGW, < MTOW, e 3
qu,k,i S Pav,.lf.:‘?'q Rth S Rcmax- CRP
MBRb RSW
[ Accounting for the existing airline schedule (time at the gate), ] | o Casezme (hr)Case 3 Gasad]
charging infrastructure, and battery & flight performance
ging inf y & flight perf Expanded to Full Network . .
Compared 4 aircraft cases on test sequence Fuel Savings
1 1 1 Case 1. HEA - power codes optimized across the entire sequence %3.02
COSt O ptl m Izatlo n Case 2. HEA — power codes optimized for each individual mission %2.84
HEA - original design power codes %1.04

Case 4. Conventional baseline model

* Cassidy. et al. 2025, Aerospace, DOI: 10.3390/aerospacel2070598
* Cassidy. et al. 2025, I[EEE/AIAA Transportation Electrification Conference and Electric Aircraft Technologies Symposium. DOIL: 10.1109/ITEC63604.2025.11098014

»  Kamat, et al. 2025, IEEE/AIAA Transportation Electrification Conference and Electric Aircraft Technologies Symposium, DOI: 10.1109/ITEC63604.2025.11098001
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Fleet Level Operations and Technology Integration
E nVi ro n m e nt L6 Fleet Metrics - 2027

120
3. Fleet-level projections of technology packages based on
o Hoor various growth scenarios
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BLI NA NA NA
Landing Gear  [full electric landing gear 29 NA 1% NA les Total Fleet Fuel Burn
Power High voltage electric power lines -2% NA -1% NA —e— Unchanged Fleet
Distribution  [Electric actuators -1% NA NA NA Modified Fleet
Thin profile actuators NA -1%| NA NA . S 8
a
Elevators (electric) N N NA 2. Aircraft-level performance <
Rudder (electric) NA NA 1% NA ’ g 6l
Flight Control [Fly-by-Wireless 204 NA NA Ny s Fusl Bum Dlference () Colomep =
; B i =]
[Fly-by-Light 1% NA NA NA V n S 2 R
\Wireless Avionics Networks 0.5% NA NA N. i A T 4F i e
lActive Flow Control 2% NA NA NA ] | , i j i i :
Ultra High Bypass Turbofan NA NA NA -5% 2025 2030 2035 2040 2045 2050 2055 2060
Geared Turbofan NA NA NA -10%
propulsion Bees Hybrid Electric NA NA NA NA = _ Percentage Difference in Fuel Burn
P Parallel Hybrid Electric NA NA NA NA 3 § 0
-
IAdvanced Materials Propeller NA 5% NA NA & 125 Y -5t
Aeroefficient Propellers NA NA NA -5 Fc_a
] Lightweight Seats -5% NA NA N £ —10
Cabin . 13 =
BYOD Cabins NA NA NA NA 3 -15
0.5
o
. w2 20T
1. Component-level technology impacts -
' i 1 L " i L
=W B S S W TR B & 2025 2030 2035 2040 2045 2050 2055 2060
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I. Introduction to Electrification

lll. Digital Transformation

Why Electrify: Opportunities and Challenges

https://climate.nasa.gov/

Case Study: Systems Design and Analysis for
NASA EPFD Project

/./f%)(
,:‘;;;9( 7 -

TX | TKO | CLB (full) CRZ DSC
B x| 1Ko |cLB(lo-alt)| CRZ[ M |psc |

| IDEAS

System-of-Systems: Fleet operations

Fleet Metrics - 2025

“PHL
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Digital Thread for Sustainable Propulsion
System Design

Model-based Systems Analysis & Engineering

MBSE: Aircraft Data Hierarchy: MBSA:
Systems Design MBSE API: Source of "Truth” MBSA API: Systems Analysis
Requirement Validation Read Structured Design Data Read Design Optimization

0 & JEH A X

— MBSE API: MBSA API:
Wite ZL wite = apenMIDAO
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\y .
="z Collins Aerospace
AnRTX Business

Model-Based Systems Engineering (MBSE) Framework

R

Functional
F
Logical Integration

Physical

MBSE provides a
structured digital
approach to aircraft
design using SysML.

Research Goal: Develop an MBSE framework
that connects system requirements to G
component-level design, advancing Technical
Design Documentation (TDD) for integrated

decision-making.

Demonstration: Implemented a SysML-based digital thread capturing requirement-
to-component traceability in an engine-inlet subsystem.
[Jagtap et al., 2025

Inner Fixed Structure (IFS): the inner casing of a turbofan nacelle, the

outer shell of the engine “core” compartment.

UPPER SLIDER
BLOCKER DOORS

UPPER
BIFURCATION
DucT

FAIRING
UPPER TAACK

HINGES

TORQUE BOX
STRUCTURE

TRANSLATING SLEEVE HALVES

LOWER SLIDER

INNER (BARREL) FIXED STRUCTURE
STOW LATCH
ELECTRICAL

HARNESS CASCADES

BIFURCATION
DUC BLOCKER DOOR LINKS

Inner Fixed Structure and adjacent components

Phase 2: Integrate a >3MW hydrogen-based superconducting machine to evaluate system-level implications within

the IFS design.

| IDEAS

ve Modeling for Next-Gen En

Digital Thread for Sustainable Propulsion System Design

Extending MBSE to hybridized propulsion architectures via a two-phase iterative approach in SysML/MagicDraw.

arequrement

1d="39"
Text = "The IFS shall at
least meet regulatory
requirements for noise
reduction.”

i 8

Requiremerts
| 3

1d ="39.3"

Text = "The acoustic
treatment shall maintain at
most X EPNdB during
takeoff and landing events
after an area loss of up to Y
| sq.in.”

«physicaiRequrement
N11

1d="39.1"

Text = "The air washed

surface shall meet the

Id="39.2"

Text = "The acoustic

treatment shall attenuate

minimum acoustic area acoustic frequencies within

requirements of X sq. in" arange of X-Y frequencies.”
T T

| deriveReqts |

Requirements Diagram for Noise Sub-System.

- -+
Uacvom: § Bwdos g Spripe
e .
~oe ~— . !
1 m—— g - ’ ‘.

- -

xperformanceRequirement
N14
Id="39.4"
Text = "The acoustic
treatment shall maintain at
most X EPNJB during flight
after an area loss of up to Y

sq.in."
P —
|
-
-
- -
- R e L
—~ 3 o v

Req M.1.2 1: Engine access ponts shall include a fire seal ‘

v
Select fire rated soal
materials.

T
¥
Inconel s the No,
selected malerial? =

7
Mres

3
25
EH
ag
38
3
33
g
23

Evaluate the fire seal e
| etfectiveneas.

Req 1.12.2: The IFS shall use Inconel, which s |

ol s
considered freproof, fr ail freproof
<o faces.

Extract the geometric
tolerances under

structural deformation.

i
|
|
&«
(O]
End

e
Functional Decomposition for Maintenance Requirements.

Frdstonn | msns

Baseline Logical & Physical Design of the IFS (Phase 1 model)

interactions and evaluate system-level impacts.
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Key Takeaway: SysML-based digital design models enable interactive traceability, allowing engineers to refine subsystem
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(\ BOEING NASA

Model-Based Systems Analysis/Engineering
How can MBSA and MBSE capabilities be integrated together during design?

Coupling Framework

Open-Source API:
https://github.com/
ideas-um/MBSAE-API

Permits Bi-Directional
Data Transfer

& N\ R

MBSE: Aircraft Data Hierarchy: MBSA: ‘
Systems Design MBSE API: Source of “Truth” MBSA API: Systems Analysis ;"'E . E _\
Requirement Validation Read Structured Design Data Read Design Optimization &:-:":::%
@&
=10l

f ?D Jython E E P >< i

MBSE API: MBSA API:
MoeaEcraw  MootA @_ Write =Lopen/IDN\O

L R ) R 4

Mokotoff, et al., 2026, Coupling Model-Based Systems Analysis and Engineering Tools for Design Workflows. In AIAA SciTech 2026 Forum (accepted).
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Al-Enabled Digital Transformation

Scripting Agents
A, Reformulation For this design, we will keep the area constant at S = 400 m?. The span is b = 60 m. The cruise condition
-] Agent corresponds to Cp = 0.5. Your job is to minimize drag at the condition of C; = 0.5 and you have complete
5 Converts natural 1008 e -1 R — freedom in the taper and sweep of the wing. Make a plot of the elliptical lift distribution.
Ian.gu.age.lnto formal Provides the code for the Provides the code for the
User optimization problem initial mesh of the wing geometry of the wing @
A
min  Cp(Ad,y.60,A) (Minimize Coefficient of Drag)
X

~ 1008 Optimization Agent subjectto Cp =0.5 (Cruise Trim Condition)

Provides the code for the S =400 m? (Wing Area Constraint)

- optimization setup b =60m (Wing Span Constraint)

= where x ={1,y,6,A} € R* (Design Variables: Taper ratio, Dihedral, Twist, Sweep)

Case Library @

= n €«—— Storage For Future Use —

- . \7
a0 Report Writing ...} Initial Analysis v OpenAeroStruct .
Rewrites the analysis intoa €  Reads the optimization — Runs th q d outout Aerodynamic Optimization Report
detailed Latex Report for reports and provides uns the code and outputs

the optimized wing -

user or reiteration textual analsis of results

l

1 Executive Summary

y F ation
| Domain Knowledge Extractor = Info Database 3; Bithit Fofwaita
........................ i Itimodal : " = Books and
Previous Multimodal Reports > Use of Retrieval Augmentation —
Generation to add aerodynamics papers ! J Y
domain knowledge into LLM A e A of \

Open-Source API:
https://qgithub.com/ideas-

um/openaerostruct-llm-agent Lee. et al., 2025 (preprint)
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Charting
the Future
of Flight:
What It Will
Take

 Portfolio of technologies

 High risk, high reward innovations
» Advanced computational methods
* Integration and infrastructure

 Collaborationiis the key!
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” IDEAS g
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AEROSPACE

e Integrated Design of Efficient Aerospace Systems Laboratory @’-‘E 1.-|.i !b

Thank you for your attention!
Our papers and open-source software are available on our website:

gokcincinar.com | github.com/ideas-um

Response Contours
" Predicted Thrust-to-Weight Ratio
— Predicted Wing Loading E ==

Predicted Maximum Takeoff Weight <‘ C) T !
Predicted Empty Weight e —
— Predicted Block Fuel {—
= Predicted Cruise Lift-to-Drag Ratio <—>
Subsystem |
System ‘ {

N B

L

1‘1
prsd
I/"8 I/

Advancing computational methods for the design, analysis, and optimization of future aerospace systems.
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Michigan Initiative for Sustainable Aviation (MISA)

We aim to reduce the harmful impact of aviation on the environment through new practices and radical innovation.
Sustainable Aviation has broad implications across disciplines from engineering to environmental and climate sciences,
public policy, business and law. University and industry partners across disciplines can converge under MISA to bring a
holistic approach that considers the full life-cycle impact of design, development, and operation of aircraft systems on
the environment and society.

Our research focus addresses:

« High efficiency airframes

» Propulsion technologies

» Sustainability-driven system design and integration - i :

« Energy generation, storage, and management on- and off-ground Lodoinguiaiiiizigiskandiwarking grotns,
! ; join our interest list at myumi.ch/Ek1r7 or

« Thermal and power management scan the QR code

« Advanced multi-functional materials and ecomaterials

» Next-gen air traffic management and operational improvements

* Environmental, economical, and societal impacts

Get involved with our efforts
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