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= VSDDL research focuses on
sizing, performance and
stability & control analysis,
and flight simulation

= Developed the PEACE aircraft
sizing framework, applicable
to vehicles using wing-borne,
rotor-borne, and buoyant lift
or combinations thereof

= Developed the MADCASP S&C
analysis and flight simulation
framework with NASA funding;
aimed at analysis of novel
configurations

= Developed cockpit flight simulators
to enable human-in-the-loop flight
simulation research for Advanced
Air Mobility (AAM) concepts
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“Dynamics”
- Flight simulation,
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- Capture impacts
of above on
vehicle design
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Vehicle Systems, Dynamics, and Design Laboratory (VSDDL)

Cumulative external funding
flowing to VSDDL @ AU
from Aug 2018 — present: $1.5M+
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Research Motivation — A Number of Challenges

= Plenty of new flight vehicles under development / testing Just a small sample. Not an exhaustive list
= Many supporting the Urban Air Mobility ConOps

= Sizing & performance analysis challenges

= Unconventional configurations Archer Maker
= Electrified propulsion systems (all-, hybrid-, turbo-electric)
= Distributed propulsion systems

Wisk Aero Cora

Higher aero-propulsive coupling

= Stability & control challenges

= Qver-actuated systems

= Dynamic stability characteristics?

= Flight control design for Simplified Vehicle Operations (SVO)
» The evolving role of the human pilot/operator
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VSDDL Vision: An R&D “Pipeline” for Next-Gen Concepts

4 \

: Vehicle sizing, performance :

: analysis, and optimization :

| |

: | S&C analysis, flight control

: | system architecture design

: ; & optimization
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: ; DL,,.... Flight simulation model
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| ' e he-| imulation

: Parametric Energy-based Aircraft : = I the-loop s nu ations

: Configuration Evaluator (PEACE) :
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1 Developed internally at VSDDL; aimed 1

| at facilitating sizing and performance |, Modular Aircraft Dynamics and Subscale prototype
: analysis of novel aircraft and ! Control Algorithm Simulation development &

| propulsion system architectures | Platform (MADCASP) piloted flight tests
1 1 ooy [ O = T .
: Webcast #1, | Developed with funding from t §,( Tuskegee Army Air Field
I Feb 22,2023, 1:00 pm EST I NASA Langley Research Center _ _

: | under Transformational Tools and VSDDL Flight Simulators

| | i i

I I Technologies (TTT) Project Developed in-house for studying

: : Webcast #2, Simplified Vehicle Operations (SVO) .

: : Mar 1, 2023, 1:00 pm EST Webcast #3, L s\s a

! I 1-S3: Spotters

\ J

_____________________ Mar 8, 2023, 1:00 pm EST
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VSDDL Vision: An R&D “Pipeline” for Next-Gen Concepts

Vehicle sizing, performance
analysis, and optimization

S&C analysis, flight control
system architecture design
& optimization

mmmmmmm

\—, . . .
| = Flight simulation model
s s e development; human-in-
e the-loop simulations
Bhandari, R., Mishra, A.A., and e 7“" —— —
Chakraborty, I., “Genetic Algorithm - e
Optimization of Lift-Plus-Cruise VTOL t 3 o o

Aircraft with Electrified Propulsion,”

AIAA SCITECH 2023, National Harbor, Comer, A. and Chakraborty, I., “Total

MD, Jan 23-27, 2023, AIAA-2023-0398 Energy Flight Control Architecture
Optimization for a Lift-Plus-Cruise
Aircraft,” AIAA SCITECH 2023, National

Subscale prototype
development &
piloted flight tests

" Tuskegee Army Air Field

i .. (SharpeField
Harbor, MD, Jan 23-27, 2023, t e

AlIAA-2023-0399 32°29'31"N , 85°46'32"W

Chakraborty et al., “Flight Simulation

Based Assessment of Simplified Vehicle
Operations for Urban Air Mobility,” 1
AIAA SCITECH 2023, National Harbor, L
MD, Jan 23-27, 2023, AIAA-2023-0400 L ek
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Starting with Some Familiar “Energy” Concepts

Rate of energy

addition by ?:I?te’ Oft(?ner:y

i issipation by
propulsion . o
system drag forces Potential Kinetic

\ l energy energy

1 W
I'V+D'V=— (Wh + ——Vz)

* Thrust aligned with
velocity (by assumption)

* Drag opposite to velocity

(by definition)
\ 4
TV-DV d V2 dH
— — h + — f—rg £ — P.‘.‘F
W dt 2g dt
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= The assumption that thrust is aligned with velocity
= May be reasonable for fixed-wing aircraft at low AOA
= Not accurate for low-speed flight at higher AOA

= Not valid when a significant thrust component is orthogonal
to the flight path

= e.g., when there is rotor-borne lift (conventional
helicopters, transitioning VTOLs)

= For hovering flight, both sides of the equation go to 0
= Not useful for assessing hover power requirements

= No explicit consideration of rotational equilibria (i.e., “trim”),
which affect performance and power required

» Consider force and moment equilibria in addition to the power
balance shown here

» Generalize these concepts for vehicles using wing-borne, rotor-
borne, or buoyant lift or combinations thereof

VSDL  and Design Laboratory mussesinntt
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= Translational equations of motion in wind axes:

v — L g _ gompom
VM = — M — gy

= Consider motion in the vertical (x-z) plane;
separate out gravity forces

: 1 _ . 1
V=—F, —gsiny, —-Vy=—F_ + gcosy

m m
\ Net air reactions /

= Some algebra:

V. 1 F.V .
—V=—F,V-Vsiny=—2——h
g mg W

¥

F.V d V2
1 o

W di E dt ’

Rate of change of energy height,
i.e., specific excess power
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Generalized Vehicle Performance Modeling Approach

lo
N
s f; Wjs

h-

Horizontal

0: aero-propulsive reference point

C: center of gravity

! components

B: center of b —
center of buoyancy z), |4 mg
(CTTYy Ty (7T
I |
:FIA:_:FI :+:Fb :
Net.alr o Lo : Buoyancy
reactions : I ¢
|
|

Aero-propulsive force components
do not need to be split into “thrust”
and “drag” components

Chakraborty, I. and Mishra, A.A., “A Generalized Energy-Based Flight Vehicle Sizing and Performance Analysis Methodology,” AIAA Journal of Aircraft, Volume 58,
No 4, pp 762-780, July 2021, DOI: 10.2514/1.C036101 (also AIAA-2021-1721 @ AIAA SCITECH 2021, Best Paper Award from AIAA Aircraft Design TC)
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Aero-Propulsive Performance Model (APPM)

= The APPM functional form is invariant to vehicle

configuration and propulsion system architecture 17

lx = —|F |— g smy V -0 Axial force residual
| I

= Different types of aero-propulsive and propulsion 1. '

I . .
system models can be incorporated A, = E'FzA 4+ gcosy + Vy — O Normalforce residual
b
N o .
Aeropropulsive Uy _:MyA ™ 0  Pitching moment residual
model : : ) )
Angle of attack, ‘ Uy ='MxA > O Rolling moment residual
flightpath angle > ay = -Iff_.“}' B :M ' 0 I
_ Xa TZs = — Yawing moment residua
(8= (8cy,8c ) B e e =10 -
A Isi
Control allocation e ’ IM Ya' M xq! M z, |

‘ performance

(if required)

Control effector _><
states F {8¢,,6¢,, -} DDF---------

Propulsion mode : dm dm; dm,
\_ (if required) PHERON N = (E) = {W'? } ———Jp Rate of change of

energy systems
Flight condition; ‘ performance energy source masses
h), Ve, M., ... (dE\ (dE; dE
(P ) T = (E) = {d_tthz] —» Rate of change of
energy source
(i) Propulsion and energy gy
systems SOTA energy contents

(ii) Power flow model(s)
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Flight Mechanics Model (FMM)

= Solution modes for FMM

Power mode: How much power is needed
to sustain a given flight condition?

= Flightpath mode: For a given power setting,
what is the equilibrium flightpath angle?

= Acceleration mode: For a given power setting,
what is the resulting acceleration?

= Trim mode: Like power mode, but considers all
three rotational axes, not just pitch axis

= Additional sub-modes may exist for transitioning/VTOL
aircraft (e.g., vertical flight versus forward flight)

www.vsddl.com cle Systems, Dynamics,

= The APPM is solved within the Flight Mechanics Model (FMM)

Specified

Flight mechanics model (FMM)
parameters

All APPM
outputs

Solution mode Y

i
i
! en Frp My,
Power &, : l
i
i ' ! Residual
Flightpath  hory R
Acceleration 14 E ------ [~
; Ay, M,

All solution modes Trim mode
1 .
Ay=—F, —gsiny—V -0 Also enforces:
m
1 Hx = MxA — 0
A, =—F, +gcosy+Vy—-0
m H, = MZA — 0

py =M, —0
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Parametric Energy-based Aircraft Configuration Evaluator (PEACE)

PARAMETRIC ENERGY-BASED AIRCRAFT CONFIGURATION EVALUATOR (PEACE)

» Energy-based sizing framework; SETUP :""""""""""""""";;;igl;;s"t"'u';'t """""" |
handles concepts using APPM I MTOM | oo l- _________ Y S_T_Pffr-, :
wing-borne, rotor-borne, Weight equations ! : [ Geometry Updater : 4\ ®
H 1 1
and/or buoyant lift Geometry »i J— (2 | I\I/IATLAB
parameterization ! L | /apPM “[ Power Sizer | !
Geometry : : + CG & : :
= Energy sources are all treated update rules ! : [ Component & inertia | | !
in an equivalent manner; can ! : Empty Mass Calc. calc. | | !
handle electric, hybrid, and : : ( v : !
conventional propulsion INPUTS : L Y e e L : :
Technology SOTA i i » VSEII?IIIE(?LE
Point performance : Mission Analyzer :
* Propulsion components are constraints : TTT T
sized by an explicit power payload T e MM i
sizing analysis o . | Jj I — AN S !
Mission profile ! Sy Sa— APPM ‘ E Lo !
. ! v oL
. End-of-mission ! | Converger A T
= Energy requirements are energy constraints | Residual | 11,
computed by explicitly i End-of ERERERIEN ) i i
trimming the aircraft at MTOM guess ! -mission I R P
each point within each : enerey "
discretized mission segment b e e e m e m e

Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified Propulsion,” AIAA Journal of Aircraft, Article in Advance,
Nov 1, 2022, DOI: 10.2514/1.C037044 (also AIAA-2022-3513 @ AIAA AVIATION 2022, Best Paper Award from AIAA Electrified Aircraft Technology TC)
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Some Prior Studies and Papers using the PEACE Framework

PEACE underlying methodology and applications to sizing Fixed-wing GA Aircraft LPC-01 Pus‘hpalif Hybrid Lift Airship
(i) conventional fixed-wing GA aircraft, (ii) all-electric lift-plus- ;2
cruise e-VTOL, and (iii) hybrid lift airship

Chakraborty, I. and Mishra, A.A., “A Generalized Energy-Based Flight Vehicle Sizing and
Performance Analysis Methodology,” AIAA Journal of Aircraft, Volume 58, No 4, pp 762-
780, July 2021, DOI: 10.2514/1.C036101 (also AIAA-2021-1721 @ AIAA SCITECH 2021,
Best Paper Award from AIAA Aircraft Design TC)

LPC-02 DUeVTOL TW-01 Minokawa

Sizing of a ducted fan lift-plus-cruise Sizing of a tilt-wing VTOL configuration Sizing of a lift-plus-cruise VTOL configuration
VTOL configuration with all-electric and with all-electric and hybrid-electric with all-electric, hybrid-electric, and turbo-
. . 7 7
hybrid-electric propulsion architectures propulsion architectures electric propulsion architectures
. Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-

Chakraborty, I., Mishra, A.A., van Dommelen, D., and Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of Plus-Cruise Aircraft with Electrified Propulsion,” AIAA Journal of
Anemaat, W.A.J.,, “Design and Sizing of an Electrified Lift- a Tilt-Wing Aircraft with All-Electric and Hybrid-Electric Aircraft, Article in Advance, Nov 1, 2022,
Plus-Cruise Ducted Fan Aircraft,” AIAA Journal of Aircraft, Propulsion,” AIAA Journal of Aircraft, Article in DOI: 10.2514/1.C037044
Article in Advance, Nov 30, 2022, DOI: 10.2514/1.C036811 Advance, August 15, 2022, DOI: 10.2514/1.C036813 (also AIAA-2022-3513 @ AIAA AVIATION 2022, Best Paper Award
(also AIAA-2022-1516 @ AIAA SCITECH 2022) (also AIAA-2022-1515 @ AIAA SCITECH 2022) from AIAA Electrified Aircraft Technology TC)
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Lift-Plus-Cruise (LPC) Urban Air Mobility (UAM) Concept with Electrified Propulsion

= “Lift-Plus-Cruise” — separate propulsors for vertical
thrust (“lift”) and forward thrust (for cruise)

Ng, Bg

= Advantage: Simpler aerodynamically than
vectored thrust (tilt-wing and tilt-rotor) configurations  n, g,

= Disadvantage: In cruise flight, the lift propulsors = - Ne B
are inactive, thus “dead-weight” and drag penalties Ne.Be "'5:0°5

= Attitude control:

= Vertical flight mode: using differential thrust of lift propulsors N,, B>
» Forward flight mode: using control surfaces Y Ny B4
= Control allocation and blending during transition # Symbol  Description Unit
1-3 0f1,0f2,0r3 Flaperon, left wing, out-/mid-/inboard deg
m |f you cannot trim’ you cannot f|y| 4-6 0r4,0f5,0r6 Flaperon, right wing, in-/mid-/outboard  deg
7,8 Oel, 002 Left, right elevator deg
= Control allocation and “trim” considerations 9,10 61,6, Left, right rudder deg
(both nominal and off-nominal flight conditions) 1 St.cp Cruise propeller throttle setting -
are part of the sizing approach in PEACE 12 Bep Cruise propeller pitch deg
13 Nep Cruise propeller RPM RPM
= This will have a major impact on power sizing of 1421 Ny -Ng  Lift propeller RPMs RPM
propulsion system components! 22-29  By-ps Lift propeller pitch deg

www.vsddl.com cle Systems, Dynamics, \/SD| and Design Labor_
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Parametric Geometry Model & Aero-Propulsive Analysis Approach

Lifting surfaces: All lifting surfaces are Wireframe geometry model of Geometry update rules:

discretized into strips. Strip sectional aero, aircraft within PEACE (MATLAB) These rules are specified during
downwash reduced order model problem setup. They govern how

generated using FlightStream® the geometry of a component
updates during sizing iterations,

how components are located or
mounted relative to other
components, etc.

Non-strip geometry:
Loads are analyzed
separately using
FlightStream® to create
lookup tables that are

queried during sizing \

Note:
j For further details regarding modeling
Mass properties: approach, see:
Mass: component weight equations for GA aircraft, plus Propulsors: Modeled using Chakraborty, |. and Mishra, AA., "Sizing
. ) ’ and Analysis of a Lift-Plus-Cruise Aircraft
calculated weights of propulsion & energy system components a blade element momentum with Electrified Propulsion,” AIAA
CG & inertia: computed per component; summed appropriately theory model coupled with a Journal of Aircraft, Article in Advance,
. . Nov 1, 2022, DOI: 10.2514/1.C037044
Pitt-Peters inflow model

www.vsddl.com ehicle Systems, Dynamics, \/S[D| and Design Laborator—
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Geometry Definition and Geometry Import/Export

FlightStream® model
(.fsm file format)

PEACE wireframe AC3D geometry
geometry (MATLAB) (.ac file format)

FlightStream®
AC3D import

X-Plane model

MATLAB-to-AC3D
geometry export

Systems, Dynamics, VSDL  and Desion Laboraton
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Power Flow Relationships: All-Electric (AE) Propulsion System Architecture
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Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified Propulsion,” AIAA Journal of Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044 (also AIAA-2022-3513 @ AIAA AVIATION 2022)
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Power Flow Relationships: Turbo-Electric (TE) Propulsion System Architecture
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Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified Propulsion,” AIAA Journal of Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044 (also AIAA-2022-3513 @ AIAA AVIATION 2022)
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Power Flow Relationships: Hybrid-Electric (HE) Propulsion System Architecture

T p = |n this architecture, the battery power path and turbo-generator power path
r_.@ bm1 SPMO,_M are both present; multiple ways of supplying the propulsor power needs
B1 P
Battery power path tm8 (Pp,g
L L s es
| Nba .
EEbatt AT @ SP@,ZOLP_Z = The turbo-generator path can also recharge the battery/batteries
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GB:gearbox ‘o mm e el — - Pp,7 _ _ _ _
g:ﬁgggmor ye O'—” (1 0OOO0OO0DO0ODO0DODO O 0 0 0 0 0 0 0/[Pu Py,
P: propulsor ¢ MO LP-3 010000000 OO O O 0O 0 0 0 Pina Py,
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Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified Propulsion,” AIAA Journal of Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044 (also AIAA-2022-3513 @ AIAA AVIATION 2022)
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Hybrid-Electric (HE) Propulsion System Architecture — Operating Modes
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Battery power path B1 Pus (P, 001000O0O0ODO0O 0O 0 0 0 0 0 0 o0 Pims Piys
(" S S OLP-B 0001 0O0O0OO0OO O 0 O 0 0 0 0 0 Pima P4
e : Epurt sarT (w2 SPWO Lp-2 000010000 0O 0 0 0 0 0 0 0 Pims Piys
ggl:\lgzzrr:)‘;:tor\ _______________________ SPWO - 0600001000 TO0OO0 O o o0 o0 0 0 Ping Piys
E o A R I I I
M: motor Im.8 1p.8
mmmmmmnees R — SPzp,sO LP.6 00000DOOOTL1 0 0 0 0 0 0 0 0 Pow | =| Po
= ]ﬁ.[ - ]QL[GEN Pyen SPI”A O - 111111111 0 O -1, -7, O 0O 0 0 {’bau 0
: 00000DOOOON,O0O -1 0 0 0 0 0 Epa 0
""""" Turbo-generstor power path (s )" 45 s |0 00000000 2 10 0 0 0 -mal|l| P 0
""" P, P, 00000DOOOO O 0 0 nw -1 0 0 P, 0
E ) OCP 00000DOOOO 0O 0 0 0 fgen -1 0 P, 0
00000DO0OO0OO0OO0O 0O O O -1 0 0 N, -l Py, 0
00000DODODOO 0 0 a p »n 0 0 4 Pyen b,
\00 0 OOOOO0OOO 0 0 a pf v 0 0 &/)[P | [ b ]
—— N e’
Ayg Xue Byg
* Nominal mode: Used in FFM. Lift props = Recharge mode: TG’s supply cruise power = Offset mode: Used in VFM. TG’s operate at
inactive. Cruise prop power met using TG’s. and also recharge batteries at rate 4,.. available power to offset load on batteries.
- Closure relationships: - Closure relationships: - Closure relationships:
1. NopowerinpathPl:a; =1,b; =0 1. NopowerinpathPl:a; =1,b; =0 1. TGoutput P = Prggp 2 V1 =1,b1 = Pis gy
2. Norecharging, B, =0:6, =1,b; =0 2. Rechargerate, P = A1 6, =1,b, = 4, || 2. Norecharging, B.. =0:6, =1,b, =0

Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified Propulsion,” AIAA Journal of Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044 (also AIAA-2022-3513 @ AIAA AVIATION 2022)
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Power Sizing — Point Performance Constraints

= “Power sizing”: Determine the required rated power of propulsion system components that satisfy point performance constraints

= For AE: Nominal & off-nominal point performance constraints for propulsions system sizing
A single battery pack failure was considered
for Case 3 (cruise, degraded), Case 6 (climb, HH, degraded), Ca¢ Case “Hght - Alrspeed  Press.  Density  AIBA - RIC - Payload
Case 13/14 (hover OGE, sea-level, LP 1&8 or 2&7 INOP), # __ Deseription Mode  (mots) AN Ak@®) (0) @pm) %
, 1 Cruise, high FEM V. KTAS 8000 8,000 - - 100%
and Case 21/22 (hover OGE, high-hot, LP 1&8 or 2&7 INOP)  , .. = FEM V. KTAS 3000 3000 - ] 100%
3 Cruise, degraded FFM  0.85V.KTAS 3000 3,000 - . 100%
= For HE (2 turbo-generators): 4 Climb, SL FFM  V,,+ 10KEAS 0 0 C1200 100%
FA and se-level hover R N
met using TG’s; for remaining cases, TG’s + BATT; ; H;EE o v PR o " . T oo
Case 7 (hover, SL) & 15 (hover, HH) assume 1 BATT or 1 TG 8§ Vert. climb, SL VEM _ 0 0 _ 1000 100%
failure; Cases 13, 14, 21, 22 (two lift props INOP at 9  HOGE,SL.LP-1INOP  VEM - 0 0 - 100 100%
sea-level or high-hot) assume 1 BATT failure 10 HOGE,SL,LP2INOP  VEM - 0 0 - 100 100%
11 HOGE.SL.LPSINOP  VFM - 0 0 - 100 100%
, (m— Y ‘) 12 HOGE.SL.LP-6INOP  VFM - 0 0 - 100 100%
= For TE (3 TG’s): ' 13 HOGE.SL.LP-18INOP  VFM - 0 0 S 100 100%
1 failed TG considered for o D 14 HOGE,SL.LP2,7INOP VFM - 0 0 S 100 100%
Case 3 (cruise, degraded), (— ) 15 HOGE. HH VFM - 6.000  7.160  +10 - 75%
Case 6 (C||mb’ degraded)' 16 Vert. climb, HH VFM - 6,000 7,160 +10 500 75%
Case 7 (hover OGE, sea-level), o s HOGEHIIPONOR  VIM  eom T1e 10 100 e
. Tk, s - - . . + o
Case 15 (hover OGE, high-hot) ( .n s 19 HOGE HH,LP-5INOP  VFM - 6000 7160 410 100 75%
1 20 HOGE, HH.LP-6INOP  VFM - 6000  7.160  +10 100 75%
21 HOGE,HH.LP-L8 INOP VFM - 6000  7.160  +10 100 75%
22 HOGE, HH.LP-2,7INOP VFM - 6000  7.160  +10 100 75%

=
(&="-@)
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Power Sizing — Finding Sizing Power Requirements of Propulsion System Components

Key takeaways:

Lift prop motor is sized
by one of the 1-prop
inoperative scenarios

The cruise motor
gets sized by the
climb requirement

Battery pack peak
output power is
sized by the
battery pack
failure scenario

* Failure/off-nominal scenarios must be
considered! These size some components.

* The explicit analysis of *trim™* allows these
to be captured! No trim, no flight!

o
o
© EdotkW
Q Case Case Flight Airspeed Press.  Density AISA  R/C Payload
w it Description Mode (knots) Alt(fy Al  (oC)  (fpm) e
o 1 Cruise, high FFM V. KTAS 8,000 8,000 - - 100%
[ 2 Cruise, low FFM V. KTAS 3.000 3,000 - - 100%
m 3 Cruise, degraded FFM  0.85 V. KTAS 3,000 3,000 - 100% 2
< 4 Climb, SL FFM Vi, + I0 KEAS 0 0 - 1,200 100% 54
5 Climb, HH FFM  Vip + I0KEAS 6,000 7,160 +10 1,000 100% 52
: 6 Climb, HH, degraded FFM Vi + I0KEAS 6,000 7.160 +10 500 100% 51
S 7 HOGE. 5L VFM - 0 0 - 100% 4 g9
n 8 Vert. climb, SL VFM - 0 0 - 1.000 100% 57
9 HOGE, 5L, LP-1 INOP VFM - 0 0 - 100 100% 5
: 10 HOGE. 5L, LP-2 INOP VFM - 0 0 - 100 100% 54
< 11 HOGE, SL. LP-5 INOP VFM - 0 0 - 100 100% 573.
12 HOGE, SL. LP-6 INOP VFM - 0 0 - 100 100% 581.
13 HOGE, SL, LP-1.8 INOP  VFM - 0 0 - 100 100% 581.
14 HOGE, 5L, LP-2,7 INOP  VFM - 0 0 - 100 100% 581.
15 HOGE. HH VFM 6,000 7.160 +10 - 75% 534
16 Verl. climb, HH VFM 6,000 7,160 +10 500 75% 5
17 HOGE. HH, LP-1 INOP VFM 6,000 7,160 +10 100 75%
18 HOGE. HH, LP-2 INOP VFM 6,000 7.160 +10 100 75%
19 HOGE. HH, LP-5 INOP VFM 6,000 7.160 +10 100 75%
20 HOGE, HH, LP-6 INOP VFM 6,000 7,160 +10 100 75%
21 HOGE. HH. LP-1,8 INOP VFM 6,000 7,160 +10 100 75%
22 HOGE. HH. LP-2,7 INOP VFM 6,000 7.160 +10 100 75%

Power sizing constraints supplied to PEACE

www.vsddl.com
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Energy Sizing: Mission Performance Analysis

= “Energy sizing”: Determine the necessary capacities
of energy sources (batteries and/or fuel) that satisfy
the mission energy requirements and also reserve
energy requirements

= Two identical back-to-back missions
(“out and back”) missions were considered \
for the LPC UAM aircraft |

Design mission

Transition
VF = FF

1 1 I

1 . 1 I

| Flight 1 | to 300 ft Flight 2 [

I 1 1, ] 1

L o (i < N 1

" 80km/43 NM/50 SM ' ! " 80km/43 NM/50 SM : |
< Flight # 1 > le Flight # 2 >!

Cruise Payload: 400 kg / 882 Ib Cruise
200 KTAS @ 3000 ft 200 KTAS @ 3000 ft
> (standard atmosphere) >
Climb Descent Transition  Transition Climb Descent Transition
Vi +10KEAS V,;,+10KEAS Ny FF>VF  VF->FF Vi +10KEAS Vi +10 KEAS Ny FF > VF

Vert. "
climb
1

= No distance credit for transitions between
vertical and forward flight or vice versa

» End of (second) mission energy constraints:

= 20% battery state-of-charge (SOC), i.e.
no more than 80% depth-of-discharge

= Reserve fuel 5% of trip fuel

= The Mission Analyzer will calculate the energy requirement
segment-by-segment and compute the end-of-mission energy

= The PEACE sizer will iterate over max takeoff mass (MTOM)
until the end energy satisfies the energy reserve constraints

www.vsddl.com icle Systems, Dynamics,

VSDL

Notes:

1. No distance credit for transitions between vertical flight (VF) and forward flight (FF) modes
2. Battery state at conclusion of Flight # 2: 20% SOC (80% DOD)

3. Fuel state at conclusion of Flight #2: 5% of trip fuel

Start-of-
mission
Energy Mission Analyzer
! Segment '
l
(lterate ! evaluation SRR ... B
over ! I P!
takeoff | —aeem i
mass) : :E !
I Residual |1} |
: Equations | !} |
I — | TETm T ] """ ‘: 1
| 1 1
End-of- | o IITTIIIITIII T
mission
energy
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Weight Estimation

Weight estimation relationships (WERs) for GA aircraft were
used to estimate structural and systems masses

Propulsion system component masses were estimated based on

power densities or metrics representing state-of-the-art

Battery mass estimation accounted for both
energy and peak power requirements

Energy required Peak power

Ereq Ppeak
(E/M)ban , (P/M)ban

Specific energy Specific power

Battery My ars

=max(
Mass

Turboshaft engine mass, sfc, and dimension relationships were
developed based on data for existing engines

Based on component masses and locations
(from geometry model), their impacts on
aircraft CG and inertia tensor are computed

VSDL

jcle Systems, Dynamics,

Component Property Value
Electric motors Power-to-mass ratio 5 kW /kg
Efficiency 95%
Specific diameter 1.8 m/MW
Specific length 1.3 m/MW
Gearbox Power-to-mass ratio 24 kW /kg
Efficiency 0.99
Generators Power-to-mass ratio  6.25 kW /kg
Efficiency 0.97
Specific diameter 0.36 m/ MW
Specific length 0.61 m/ MW
Cabling Specific power 200 kVA - m/kg
Efficiency 0.985
Batteries Specific energy (Varied)
Efficiency 96%
Maximum C-rate (Varied)
Specific power (Computed)
Fuel Specific energy 43 MJ /kg

For sources of technology SOTA parameters, see:

Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-
Cruise Aircraft with Electrified Propulsion,” AIAA Journal of
Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044

(also AIAA-2022-3513 @ AIAA AVIATION 2022)
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Wing loading / Disc loading / Cruise Speed Sweeps

Disc Loading (Ib/sqft)

Vehicle weight

Wing loading =

Wing area

In general, and within limits:

- Higher wing loading = more efficient cruise, but
also higher takeoff/landing speeds, stall speeds

Vehicle weight

D . 1 =
isc loading = ———--— "

In general, and within limits:
- Lower disc loading = higher hover efficiency, but
bigger drag & weight penalties in forward flight

www.vsddl.com icle Systems,

Dynamics,

—p () e ) =50} 60
Wing Loading (lb/sqft) _
VC = 175 KTAS VC =200 KTAS VC = 225 KTAS

4000 4000
3500 3500

% aom0 | % 200

= 2500 | S 2500

o O

S 2000 | v . E 2000
1500 1500 |
1000 1 L L 1000 L L 1

10 15 20 25 30 10 15 20 25 30 10 15 20 25 30

Disc Loading (Ib/sqft) Disc Loading (Ib/sqft)

(1) Ingeneral, there is an increase in propulsive energy requirements with
higher speeds, resulting in an increase in Maximum Takeoff Mass (MTOM)

(2) There is significant MTOM reduction when increasing from 30 to 40 psf wing
loading; beyond 50 psf, diminishing returns are obtained

(3) Disc loading shows a bucket with an MTOM minimum around 20 psf, and
increasing MTOM for both higher and lower disc loadings

VSDL
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Effect of Battery Specific Energy & C-Rate on AE, HE, and TE Sizing

Cruise
200 KTAS @ 3000 ft

Cruise
200 KTAS @ 3000 ft

Design mission Payload: 400 kg / 882 Ib

(standard at phere)

Transition
FF =2 VF

Transition  Transition Climb Descent

FE>VE  VF>FF_/ |, +10KEAS V+10 KEAS
, vert. 1 TVert. a
1 desc. climb
: to 0 ft to 300 ft !
I

it E Flight 1 Flight 2 E
E :éingle trip dis>. : i :<'Single trip dis>:

le Flight#1 Flight #2

v

Notes:

1. No distance credit for transitions between vertical flight (VF) and forward flight (FF) modes
2. Battery state at conclusion of Flight # 2: 20% SOC (80% DOD)

3. Fuel state at conclusion of Flight #2: 5% of trip fuel

C-rate: Inverse of the time in hours required to
discharge the battery at a steady rate

Relationship between specific energy [Wh/kg],
specific power [W/kg], and C-rate [1/h]:

Spec. power [W/kg] = Spec. energy [Wh/kg] X C-rate [1/h]

4000
Batteries sized by Batteries sized by
energy requirements power requirements

- TE
3500 | AE
| |
HE (C=5)
— 3000
s
= I — -
S _ S -7 _e|HEC=7)
E 2500 + - - - - -
—- ___,.-""__#d_.-""
- -..—__..-"-' -.._*u #_‘..-"'
I s 2 ,-—'"::,#F"
2000 f o/~ _--"" ——— — — — 300Wh/kg
I ——— = = - 350Wh/kg
e = — = 400 Wh/kg
1500 T _— -
50 100 150 200 250
Single Trip Distance (km)
www.vsddl.com cle Systems, Dynamics, V/S[DL
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Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified
Propulsion,” AIAA Journal of Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044
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Weight Breakdown of AE, HE, and TE sized to same MTOM

. N
All-Electric (AE) ) ™ (e All-Electric Hybrid-Electric Turbo-Electric
B1
s I,_____'_"‘:_:f’_'_"fw_e_'t"“_‘"________\l lllll gyt S”"’"‘Q P8 3000 (130 km single trip distance) (234 km single trip distance) (142 km single trip distance)
M: motor i Epase Phate b E Py _’ Pimz SPlp,ZO P2
e = 200 2800 2800
Bs _’ Pim3 SPIP,SQ p-3 18.35% 18.3% 18.3%
Pims 1,6, w W .
_____ (s ) SP O Lp-6 400 Payload 400 Payload 400
) s 2500
Clw) e Ows || e [ C[Cammao |
----- 9.9%
pe o (Caw ) " O e 277 'y
Battery
2000 31 m "J“ - Fue‘ r"-"‘
. . N . " T
Hybrid-Electric (HE) [0 o e -
attery power pa B1 Ping (Pyg ‘."' Fue,a"” A
e = e e I
TS: turboshaft E R eATr W : BZ_’ P S P'ZO LP2 E 45.5%
GB:gearboXx ‘---omo oo tm,7 Ip,7 il . .
SE??-QE”S'?;"' — Ol a 1275
ibatey | L. Pims - e
r rpier Lo} (e & 1500 Y 33.3% -
________________________________ N y Pime (Ppe y 933 e
..... b ’ O e e Propulsion w  Propulsion =]
—» i SPIMO LP-4 o Zﬂ.ﬂ’ﬁ : ﬁ
__________________________________ s v o~
Turbo-generator power path 34*@ ” SPIPVSQ LP-5 g 559 g \Q"
""" Pan ( Pop o o = oﬂl’
beCan) ™ ") o E 1000 o P — =
T co L]
2 - o0 3
. 1 In_ Py Pip1 E . '..D. w
Turbo-Electric (TE) |, (e &= X 3
im38 Plp,B
_____ ROl k. : =z
(D wa 500 34.0% .. Structures & Systems 35.5% Structures & Systems 35.9%
B2
RO 951 z 993 1005
..... — Pims SPMQ s
B3 Pime P,
(7o) une
Pima Pipa
o (O 0 il ! 4
(T;s;;(;er:fl:::ﬂ Tubogenerator powerpath | _’ = SPIPYSO LP-5
Eﬁ;ﬁfﬂf&fw oc|>(Cam )" (T O o Chakraborty, I. and Mishra, A.A., “Sizing and Analysis of a Lift-Plus-Cruise Aircraft with Electrified

Propulsion,” AIAA Journal of Aircraft, Article in Advance, Nov 1, 2022, DOI: 10.2514/1.C037044

www.vsddl.com shicle Systems, Dynamics, \/S[D| and Design Laborato_



http://www.vsddl.com/
https://arc.aiaa.org/doi/pdf/10.2514/1.C037044

Optimization Problem Setup

Design variables Objective functions

Design Variables Type Lower Upper n Objective Function m

Bound Bound
Maximum Takeoff Mass (MTOM) kg
Wing Loading Continuous 30 Ib/ft2 80 Ib/ft2 o
2 Energy used per unit distance per kJ/(kg-km)

2 Disc Loading Continuous 10 Ib/ft? 30 Ib/ft? unit payload (E/(P-d))
3 Wing Aspect Ratio Continuous 6 12 3 Energy Mass Fraction (total energy -
4 Wing Taper Ratio Continuous  0.85 1 mass / MTOM)
5 Cruise Velocity Continuous 175 knots 225 knots 4 Mission Time (single-trip) min
6 Propulsion Architecture Discrete 1 (AE), 2 (HE), 3 (TE) In the optimization cases considered, one,
7 Number of Battery Packs  Discrete 2 6 two, or three of the above were applied

Optimization Algorithm

QO Non-dominated Sorting Genetic Algorithm Il (NSGA-II) sorts the

individuals based on the non-domination level Link to recent paper on GA optimization:
QO Anindividual dominates another if it is no worse than the other Bhandari, R., Mishra, A.A., and Chakraborty, ., “Genetic
for all objectives, and strictly better in at least one objective Algorithm Optimization of Lift-Plus-Cruise VTOL Aircraft
with Electrified Propulsion,” AIAA SCITECH 2023,
QO For individuals with same non-dominance value, an individual National Harbor, MD, Jan 23-27, 2023, AIAA-2023-0398

with least crowding distance is selected

www.vsddl.com Vehicle Systems, Dynamics, \/S DL and Design Laboratory _
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Optimization Cases

» Eight optimization cases were considered (described below). These varied in:
= QObjective functions that were used
= Single-trip distance (80, 120, or 150 km)
= Battery specific energy (350 or 400 Wh/kg)

= Cases 1 and 2 were used to study the general impact of each design variable and the effect of including different
objective functions. Thereafter, Cases 3-8 were used to study the impact of single-trip distance and battery specific
energy on the optimized generations

gz:her Objective Functions .[S]:nmg)le trip distance Erig;e(mzlﬁc En-
1 MTOM and Mission Time 80 400 Ny
2 MTOM, Energy Mass Fraction, E/(P-d) 80 400 Will focus
3 MTOM, E/(P-d) 80 400 on these
4 MTOM, E/(P-d) 80 350 cases.
5 MTOM, E/(P-d) 120 400 The rest
6 MTOM., E/(P-d) 120 350 are in the
7 MTOM, E/(P-d) 150 400 paper
8 MTOM, E/(P-d) 150 350

\

Bhandari, R., Mishra, A.A., and Chakraborty, I., “Genetic Algorithm Optimization of Lift-Plus-Cruise VTOL Aircraft with Electrified Propulsion,” AIAA SCITECH 2023, National Harbor, MD, Jan 23-27, 2023, AIAA-2023-0398
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Case 5 (120 km, 400 Wh/kg) & Case 6 (120 km, 350 Wh/kg)

At 350 Wh/kg battery specific energy, AE, HE, and

TE designs show up in the final generation
= At 400 Wh/kg, only AE and HE designs

When sized for these trip distances, AE designs
are considerably heavier than HE and TE designs

With cruise velocity no longer an objective
function, optimized designs tend to cruise at the
lower bound of 175 KTAS

E/(P-d) for HE and TE are similar (as jet fuel is
expended for cruise), but it is lower for AE

Increasing AR was generally associated with an
increase in MTOM and slight reduction in E/(P-d)

Similar observations, but more pronounced,
when trip distance is increased to 150 km
(specific energy 350 Wh/kg & 400 Wh/kg)

icle Systems, Dynamics,
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Comparison of Sized Geometries

AE, MTOM = 3143 kg HE, MTOM = 2547 kg TE, MTOM = 2930 kg
-6 -6 -6
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Design Variables Design Variables Design Va ria?les
DL : 26.7 Ib/ft DL : 22.1 Ib/ft? DL: 21.4 lbf'lﬁ
WL: 37.1 Ib/ft? WL: 36.6 Ib/ft? WL: 37 Ib/ft
V : 175 KTAS V : 175 KTAS V 175 KTAS
TR: 0.82 TR: 0.85 TR: 0.84
AR :9.18 AR :8.03 AR : 8.63
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Conclusions and Observations

= The Parametric Energy-based Aircraft Configuration Evaluator (PEACE) framework enables the sizing and performance
analysis of a wide range of flight vehicles with novel configurations and propulsion system architectures

= Some salient features of PEACE w.r.t. analysis of VTOL aircraft
= Explicit consideration of control allocation and trim
= Explicit consideration of post-failure/off-nominal scenarios for power sizing
= Trim and post-failure scenarios can directly size some power system components
» The sized vehicle definition from PEACE feeds directly into MADCASP
= Control law development (topic of Webcast 2, March 1)
= Piloted simulation studies (topic of Webcast 3, March 8)

»

= Modular implementation allows analysis modules to be upgraded/added
as required. For example:
» Physics-based lifting surface weight estimation (WIP)

= More detailed propulsion system component models (WIP)
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