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1. Introduction:

UAM envisions a future by air taxis / eVTOLSs DLR
How can UAM ensure safe and reliable flight operations? Nominal <= Contingency,PlanB® <= Emergency
Situation within safe control Situation within safe control, Situation out of safe control

. but with certain limitations

Contingency procedures F :m oenesr
Define A * Means to detect: No contingency
> “Plan B" Incorpora’tes: - ::Et?::t::ndgriingenw} . Eﬂpliﬁilézat:ii;Emergencylanding
. . g SRS w =
- Emergency situations ™~ ”“-\/) i
« Holding procedures : L ertipen
. . . Vertiport voloCHRIS focus Vertiport
- Alternative routes / diversion e ’
(2)

« Alternative landing sites

» Backbone: Powertrain system of eVTOLSs

Aim of this research:

1. What is the realistic energy demand for an eVTOL in
dynamic urban scenarios?

2. What should be the minimum energy reserve for an urban
mission considering non-nominal scenarios?

M Energy Demand Analysis for eVTOLs in Cluttered and Dynamic Environments based on Adaptive Trajectory Prediction « AAM Institute - Student Showcase event « 150 May 2024




1. Introduction:
Focus of PhD topic DLR

A Different types of aircraft for a variety of use cases
Overview Advanced Air Mobility
>500 km

>300 km
Range

Seat
capacity

BN =
Segments

VTOL'
STOL?

Aircraft
capability

cToL®

Battery

Propulsion Ho-FC4

type
Turboprop, turbofan, GTF, H2-FC*

Infrastructure New infrastructure Mostly existing airfields
requirements Existing airfields and airports

Certification SC-VTOL (<3,175 kg) CS-23 (<8,618 kg)
limits CS-25

1 Vertical take-off and landing 2 Short take-off and landing 3 Conventional take-off and landing 4 Hydrogen fuel cell

Source: Bauhaus Luftfahrt, Roland Berger




2. State-of-the-Art:
eVTOL Aircraft DLR

eVTOL Aircraft

[Rotory-Wing Cruise] [Fixed-Wing CruiseJ
I I |
(Muttirotor ] ((tift + cruise | [ vectored Thrust )
M (2) @

(Titt wing] [ Tilt Rotor

Operational Range
(5) Tilt Rotor 100 km

(1) Helicopter a uise  (4) Tilt wing

J

Propulors provide Propulors provide Independent Propulsors vector

vertical lift only vertical lift only propulsion for lift from vertical H .
Vercaland d toforward Airport Shuttle Multicopter / quadcopter (5, 6)
orward li war

(3)
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2. State-of-the-Art:

Exemplary Calculation: Energy Demand for eVTOLS

DLR

800

1500
. -
T, 12504
g Li-metal with Ni-rich cathode
5 _
> 1000 - .
g _
o Li-ion batteries NCM 811
O 750+ . g s . .l
S - . Future Li-S battery
§ 500 - NCM 622 A L1'|$l.l|fuf.|"MDsSB Joptplh : i
= ] LFP A 2 b
E 250- 2
L Li-S battery (7)
0 T T T Ll T T T T T T
0 100 200 300 400 500 600 700
Gravimetric energy density (Wh kg -cen)
Energy Capacity
Efigne Phax
C>—=, (C>-——
Usys f ) Usys
!Batt
Cell discharge rate: & =
CNenn

Energy demand during hover:

EH — (PD + P’i,hover) " tH

Profile power:PU =P Ar . Utgip . % . CDO ' (1 + 4.5 - uz)

Ucruise

Tip speed ratio: 4~

mmrtoMm * g 1
Induced power, hover: P hover = MMTOM - & * \/ 5 )

PA; TH
Energy demand during cruise:
EC — (PO + JPi,{:ruise + Pp,cmise) ' tC
v2 vd
Induced power, cruise: Pcrise = ¢i - MMTOM * 9 \/—% + \/% + Vhover

Parasite power, cruise: Pp'cmi,-,g =05-p- f : Ufmjse
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2. State-of-the-Art:
UAM Concept of Operation DLR
SESAR-project:

CORUS-XUAM
B Duration: 01/2021 — 04/2023
Aim of this project

» Demonstration of U-space services a#fl solutions

“ Germany

/&UK

............................

CoRuDTM A~
This project has received funding from the SESAR Joint Undertaking under the European Union’s Horizon 2020 research and innovation programme under grant agreement No 101017682.
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2. State-of-the-Art:

Regulatory framework for UAM DLR

EASA pubhshes e oty
—n

world’s*first rules for operation of alr taxis EPIC

General Aviation
Manufacturers Association

;:‘%

in cities

Managing Range and Endurance
of Battery-Electric Aircraft

A report by the Hybrid & Electric Propulsion Subcommittee of the
GAMA Electric Propulsion and Innovation Committee (EPIC)

HVTOL #UAM #safety #U-space #EUcitizens

EASA — UAM Operation
« MOC-SC-VTOL
* NPA 2022-06

° Oplnlon NO 03/2023 Washington, DC USA | Brussels, BE
> No regulations exist yet for the minimum energy reserve for eVTOLs

Version: 1.0

All Rights Reserved
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2. State-of-the-Art:
Managing Range and Endurance by GAMA DLR

: S erticad Landing Profile

b ,--- Conventional Landing Profile

Power
Demand

:

State of Charge 0%

— Open Circuit Voltage
B Energy Loss
. Usable Energy

Battery
Voltage

o . ' _ /Conventional Landing
Minimum§ el o o ( .
Bus Voltage :

100% State of Charge 0% 9
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2. State-of-the-Art:

Multi-Agent Cooperative Path Planning via Model Predictive Control ¥V prr
ICNS Conference — 23.04.24 — Track 2 — Operational Efficiency |

C. Kallies, S. Gasche, R. Karasek

Initializer

Search area UAVS UAS positions
l SENSOF ranges Initial position l
Search area

LAV type
Safety margins

Obstacle
positions

Waypoint
coordinates

Positions of
moving obstacles

- Optimizer
Update Constraints Prediction Create and solve MILP Future Prediction

Moving obstacles Constraints Dynamics, objective, constraints, positions Moving obstacles
fuel/energie consumption

Mext path
segment

UAY Current UAY positions

Real flight
Disturbances

(10)
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3. Methodology:
Conceptual Design Process & DLR
Trajectory Based Energy Demand Analysis

Previous work Current work

Conceptual Design Process

Flight Mission Type of Vehicle / pnol
1. ConOps Definition & Payload eVTOL Eec noloey o
Requirement Configuration © use
. Handling .
o [y [ [ G ] [y
4 Requirements Requirements

Vehicle Level

||

| 2. Vehicle

) Requirement Analysis

|
» |
2 |
O |
o |
S|
|
|
|
U { |
| |
|
= | '
o0 | :
'g l Electrical System Level |
a Power System Level |
| . Vehicle System " .
?) : 1> 3. Velicle System Architecture Power System B Architecture Lttt |
= i Concept Definition Concept Concept Concept Loop |
= A |
| L Safe System
. fety Reliabil : |
: L 4, Safety Analysis £ cly Be Ang, . Powe.r System Architecture I |
i Requirements Architecture C '
‘ : oncept |
I 4 |
= . - Power System l
g | 5. Vehicle Sizing & o . |
N [l BPF . Sizing & Vehicle System i
o= Simulation . . I
) | Simulation |
! T 4 l
i |

-

N. Hagag, F. Jager, “Evaluation of the Technical Value of Powertrain Systems to Enable Safe Performance-based Flight
Guidance for Urban Air Mobility,” in 2023 IEEE/AIAA 42nd Digital Avionics Systems Conference (DASC). IEEE, 2023,
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3. Methodology:
Use Case - Frankfurt Airport Shuttle DLR

30 m obstacle buffer
10 m navigation accuracy buffer
10 m wind effect buffer

Altitude M

$ 150 m =~ 492 ft Assumed
Safety buffer

? . 50m
; Cruise Flight 1(;4 ft

PAX incl. pilot Energy density

A 2 x4 £ 250Wh/kg © |

30 sec 30sec

Minimum height
100 m = 328 ft

i’

; Air temperature
Headwind speed at flightpaltitude &
= om/s Co 150 all relevant
- 15 buildings in the area
°® ®
Take-Off: Hover Landing: Hover
Frankfurt Airport Frankfurt trade fair
Terminal 2 Hall 4
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3. Methodology:
Selected Vehicle

(5, 6)

DLR
Technical characteristics Value Unit
Maximum take-off mass 1954 kg
Total battery weight 728 kg
Payload (4 passengers) 360 kg
Number of rotors 4 -
Rotor radius 2.64 m
Vehicle diameter 13.76 m
Number of motors 8 -
Spec. energy density of the energy system 217 Whkg—!
Battery capacity 263 Ah
Battery energy 159 kWh
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3. Methodology:
Selected Scenarios DLR

N/ q wes,e,,dSu - Nominal flight route (REF)
'S¢ \ Q/. o N (o]

“ L, S " ‘:\ ‘ No-Fly Zone (Hospital)

i | N o

) f‘,;‘ VFR Holding .
S a Target vertiport
e

k}*y S ~¢?,: y 1= /
. Lo », . - o .- ol @ Blocked target vertiport

..............

revane BEE S i rnnransassascrnnsnrsfioscnnasansanansnnsas
...................................................

@ Alternative vertiport

....................................

p—— - SID / STAR for
- L 2. B } conventional aircraft

Y onenstreetman.ora
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4. Key Results: A#y
Energy Demand Analysis DLR

Cruise Holding Altitude
© 150 m

g —o—> e =~ 492 ft

Energy Demand for Each Flight Phase

Cruise”* Holding
1 kWh + 3.64 kWh /mi
A 2t03kWh/km b+ 3&iih/mn \}
Stop Hovering
Climb Descent
Climb Descent
2.46 kWh 2.23 kWh
[ | | | [ J
Take-off depending on the maneuvers necessary in a cluttered environment. Landing
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. N U; / [ — 1\
5. Discussion s N~
Limitations e DLR
» Linear models for Energy demand analysis o1

Temperature [°C]

» Environmental factors are not considered like:

e Wind Air Temperature 10,4 °C -9,1°C 394 °C
e air temperatu re Headwind speed 0 m/s 49 m/s 10,1 m/s 20 m/s
Technical characteristics Value Unit
> Vehicle parameters are approximated, pramimum take-off mass el
ayload 360 kg
Rotor radius 2.64 m
i iri i I . Vehicle diameter 13.76 m
IaCkIng em p I rlcal Val I d atl on SUCh as. Moment of inertia about the roll axis 8700 kg m?
. Moment of inertia about the pitch axis 9495 kg m?
s Welg ht Moment of inertia about the yaw axis 11490 kgm?
Forward flight drag coefficient 75.27 Nsm™!
o | I Efficient cruise speed 27.77 ms~!
Ine rtl a te nsor Maximum cruise efficiency 0.9 -
Spec. energy density of the energy system 147 Wh kg_1
propeller performance
Impact of State of Health Impact of Battery Temperature
Using Example eVTOL Power Profile Using Example eVTOL Power Profile

» Battery model's validity is affected by factors

impacting energy demand model results like:
. ambient temperature

Battery

» cell a \
C e harge Removed Initial Charge Removed Initial (9)
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5. Conclusion & Outlook

DLR
» Brief stopover procedure consume ~ 1 kWh
« Hovering phase demand more energy ~ 3.64 KkWh/min
Key  Climb phase was observed to require ~ 10 % more energy than decent phase

Findings

Specific energy density, energy demand, and powertrain efficiency are crucial factors for
path planning for eVTOLs

* Environmental factors

Search area Init:ﬂlzer UAS positions
« Impact of State of Health e Ty }
« Impact on Battery Temperature [ }—

Obstacle Positions of

* New battery technologies
Energy-effienct path planning algorithm R N e,

fuel/energie consumption

« Calculation of other vehicle configurations
« other powertrain systems o .
« other performance models el
Different flight mission profiles (10)

MNext path
segment
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Thank you for your attention

Nabil Hagag
PhD Candidate
DLR (German Aerospace Center)
Institute of Flight Guidance
Dept. of Unmanned Aircraft Systems

' o amm Nabil.hagag@dlr.de
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