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What is UAM?

}‘M
« Urban Air Mobility (UAM) is a field that aims
toimprove movement ofpeople and goods
within cities by relieving congestion within =% -
transportation networks S8 N
\
N\

« Facilitated by: Py
1 Distributed electric propulsion

2. Autonomous Technologies

WWW.Nasa.gov -


http://www.nasa.gov/

What doesa UAM vehicle look like?

2021-06-11/electric-flying-taxi-backed-by-united-airlines-unveiled-in-I-a

isk-and-returns/ https://evtol.news/volocopter-volocity/


https://www.bloomberg.com/news/articles/2021-06-11/electric-flying-taxi-backed-by-united-airlines-unveiled-in-l-a
https://www.theverge.com/2020/1/15/21068135/joby-aviation-toyota-flying-air-taxi-investment-amount
https://www.adweek.com/brand-marketing/uber-chooses-hyundai-to-build-its-air-taxi-fleet/
https://evtol.news/beta-technologies-alia/
https://www.autofutures.tv/2020/04/17/wisk-and-returns/
https://evtol.news/volocopter-volocity/

Ten Areas of Technological Development
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How can OpenMDAO help solve the noise problem ?



UAM Vehicle Design Process
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What type of work does the MDO Lab do?

Electro-propulsive design optimization

In the MDO Lab:

« Aerodynamic optimization with packaging

Wing span Fuel burn
Airfoil shapes —
Structural
 Aero-propulsive design optimization
Design changes
« Trajectory optimization
minimize f(x) objective
with respectto x design variables

subjectto c¢(x)<0 constraints

» Aero-thermalshape optimization

Slide adapted from: Martins et al, Exploiting Aircraft Electrification via Multidisciplinary Design Optim ization



Whydo Icare about MDO?

* Electric vehicles are highly-coupled systems
that must be designed and optimized
considering all aspects of the vehicle and
configuration

Table 5

Electrie aircraft modeling and simulation [164].

Battery

DC Bus

Inverter

Motor

Propulsor

GT-HEAT [142,154,164]

NASA X-57

NASA N-3X

ESAero [67]

Bauhaus Luftfahrt

Aerodynamics

Structures

Weights

GNC

Electrical

Turbo,/Propulsion

Thermal
Cash operating
cost

Ownership cost
Noise

Safety

FLOPS/drag polar; BLI benefit
based on flat-plate momentum
thickness

NA

FLOPS tops-down methods

Engine, motor, TMS control
variables for on- and off-
design analysis

Moderate fidelity motor/
inverter loss modeling;
equivalent-circuit battery

NPSS

TMS sizing considering
various heat sources and types
af heat sinks

NA except for fuel /fenergy

NA
NA

NA

Design using vortex lattice/

boundary layer codes; some

CFD for analysis [51,85,158]
6 DOF beam FEM [158]

Parametric wing weight (from
Raymer) [51], sized beam
model [158]

Full-mission optimal control
[141]

Transient battery model based
on Thevenin equiv. circuits
(cell-level). Assumed
efficiencies for wire/motors
[141]

Propeller map from manuf.;
prop efficiency from theory
[141], blade element
momentum theory [158]
Analyrical model for
optimization; thermal FEM of
motor [141,153]

NA except for fuel/energy

NA
NA

Comprehensive FMEA [52,53]

CFD results from similar
configuration, with increment
for BLI [56]

NA

WATE for propulsion
flowpaths; tops-down kg/kw
estimates for electrics/TMS
[90,91]

MA; some discussion of off-
design conditions in [57]

Conceptual: efficiency stackup
method with estimates for
future tech. Transient: RLC
circuit model in
SimPowerSystems [90,95]
NPSS [59]

Coolant system load based on
efficiency stackup (assume
100% to heat) [90]

NA

NA

ANOPP noise simulation
prompted redesign [91]
FMEA and FTA for loss of
thrust; more work needed for
other hazards [94,96]

Drag polar

NA (for MDAQ); detailed
analysis of split-wing
published in NASA report
WATE for fan weight [81];
low-fidelity radiator
maodel; tops-down
empirical for all others
NA

Efficiency stackup; battery
maodel unclear

2D fan analysis using
velocity triangles [511];
efficiency maps for
turbomachinery
Cooling based on flight
cond. [79]; TMS model
discussed in [119]

NA

NA
NA

Qualitative

L/D correction methods
from Torenbeek [16]

NA

Semi-empirical
structural methods; tops-
down kg/kW methods
for electrics [20]

NA

Low-fidelity efficiency

stackup with empirical
battery discharge curve
[20]

Single prop efficiency
parameter [20]

NA

Considers relative cost of
fuel/elec; cash operating
eost [25]

NA

NA

NA

Mechanical E

Electric (AC)

Electric (DC) I:l

(a) All Electric

Mechanical
Turboshaft/ICE Coolant
| Electric (AC)
m Generator Electric (DC) l:l
Rectifier

(¢) Series Hybrid (with Liquid Cooling)

DC Bus —{ Battery ‘
|
Inverter
Motor
*Optional liquid
Propulsor thermal management

system

Turboshaft/ICE Turboshaft/ICE Mechanical
| | Electric (AC) ——
) |
Generator Generator Electric (DC) I:
Rectifier Rectifier

. E—

Inverter Inverter
Motor Motor
Propulsor Propulsor

(b) Twin Turboelectric

Battery
A B
DC Bus

| .
Inverter
Mc:tor

—

Mechanical I:l

Electric (AC)

Electric (DC)

Power-Split
Mechanism (clutch)

ICE/Turbine

Propulsor

(d) Parallel Hybrid

Fig. 2. Notional electric propulsion architectures.

Reproduced from :Brelje & Martins, Electric,hybrid,and turboelectric fixed-wing aircraft: Areview ofconcepts,models,and design approaches



Why do we need gradients specifically?

Quadratic
10° /
NSGA2 V ALPSO
Gradient Free Methods

[7}]
c
=) /
S L0 - ) A Linear
© SLSQP-finite difference /
>
w SNOPT-finite difference
S
©
c
i //// "’-’SI;;;-analytical

102 / ’/

. / , / o 7 SNOPT-analytical
Gradient Based Methods >
10°
10° 10 10°
Dimensions

Lyu, Xu,and Martins.Benchm arking optimization algorithms for wing aerodynam ic design optimization.ICCFD8-2014-0203.

10°



Coupled Aerodynamic and Aeroacoustic Optim ization

eXtended Design Structure Matrix:

Optimizer

Aerodynamic

Analysis

[, [,
Aeroacoustic
Analysis g;"
Functional

Evaluations

10



How can we predict UAM vehicle noise?

11



How can we characterize rotor noise?

[ Rotating Blade Noise J

[ Tonal Noise J [ Broad_band J
Noise

ALY Boundar
Loading Thickness Interaction Turbulence Vortex Noise Y
Noise Layer Noise

RJPegg.ASummaryand Evaluation of Semi-Em pirical Methods forthe Prediction of Helicopter Rotor Noise. Technical report, NASA Langley Research

Center,1979. 12



Tonal Noise Sources

(¢

\\

Thickness and High-Speed Impulsive Noise [l Blade-Vortex-Interactio Mi s [ loadig and B oadband Noise |8

Kenneth SBrentner.Rotor Noise Modeling. Technicalreport,5th Transform ative Vertical Flight Workshop,San Francisco, California, 2018.

13



Broadband Noise Sources

Pegg Model Brooks Model

725

Turbulent Boundary Layer

Instability Waves [l

Laminar Boundary Layer Vortex Shedding

Boundary

Separatio la ver, Blunt Trailing Edge

| Vortex

TF Brooks,SD Pope,and M A Marcolini. NASA Reference
Publication 1218 Airfoil Self-Noise and Prediction. Technicalreport,
NASA,Ham pton, Virginia, 1989.

RJPegg.ASummaryand Evaluation of Semi-Em pirical Methods
forthe Prediction of Helicopter Rotor Noise. Technical report, NASA
Langley Research Center,1979.

We are in the process ofimplementing a broadband noise modelinto our toolkit 14



Computational Aeroacoustics

e Techniques for aeroacoustic analysis:

1 Direct Numerical Simulation from Navier-Stokes Equation

Com putationally Prohibitive for

2. Integral-Based Formulations Multidisciplinary Design Optim ization

I. Lighthill’s Analogy
» Exactrearrangement ofthe Navier-Stokes equation

Il Kirchhoff Method / Inaccurate for rotorcraft applications
 Simplified acoustic source enclosed by a source-surface

ii. Ffowcs Williams and Hawkings Model (FWH)

« Based on Navier-Stokes equation with Lighthill’s analogy with surface integrals over

monopole,dipole,and quadrupole noise sources \ Used (and validated) extensively for

rotorcraft applications

Kenneth S.Brentner.Modeling aerodynam ically generated sound:Recent advances in rotornoise prediction.In 38th Aerospace Sciences Meeting and

Exhibit,numberJanuary, pages 11, Reno, Nevada, 2000.1 15



Tonal Noise Modeling

Noise Metric:Sound Pressure Level [dB]:

, 2
SPL = 10 - logy, [pm]
pref

J E Ffowcs Williams and D L Hawkings.Sound Generation by Turbulence
and Surfaces in Arbitrary Motion. Technical Report 1151 Royal Society, 1969.

T™F=t+ At




Noise Modeling iIsa Time-Accurate Problem

« Evaluate the pressure
perturbation due to the rotor
at each observerpoint of
Interest

« Compute the totalsound
pressure levelbased on the
time-history ofthe pressure
perturbation at each observer
point

APressure [Pa]

1.7
1.5
1.3
1.1
= 0.9
0.7
0.5
0.3
0.1
-0.1
-0.3
-0.5
-0.7
-0.9
-1.1

| -10.0
| -12.0

F, [N]

6.0
4.0
2.0
0.0
2.0
-4.0
-6.0
-8.0

-14.0
-16.0
-18.0
-20.0




Aerodynamic Modeling

Hybrid Blade Element Momentum Theory (HBEM)

\/

R(Tmag) = CT,BET(Tmag) - CT,MT(Tmag) =0

— This analysis is quasi-steady, making it more efficient and easierto manage than fullyunsteady methods 18



Computing Derivatives

Im plicit Derivatives:

x :Design Variables
u : State Variables

Dimensions:
- Design Variables:n, = 0(10)

- State Variables:n, = 0(100)
- Functions of Interest:ns = 0(1)

- Residual Values:ng = 0(100)

0R

o ¢

_ R
T 9x

Ny XNy Ny XNy

— Derivatives com puted using algorithm ic differentiation, leveraging graph coloring

f = f(x,u(x)):Function of Interest

R(x,u(x)) = 0:Solution Residual

VRN

"Direct Method

ngp XNy

%]T_ P = [Z—ﬂT : Adjoint Method

Ny xXng nyx1

n,x1

19



Coupled Aerodynamic and Aeroacoustic Optim ization

Aulo-IVC I I l

« Aerodynamic and
aeroacoustic
analysis tools
wrapped with
OpenMDAO for
modelcoupling

 Derivatives
computed and
passed between
models internally
within OpenMDAO

L]

L o
e

20



How does this workflow perform ?

21



Example Optimization Problem :NASAN+1UAM Quadrotor Concept Vehicle

« Single-passenger
 Fullyelectric

 RPMcontrol

22

Johnson,W., &Silva, C. (2022). NASAconcept vehicles and the engineering of advanced air mobility aircraft. 77e Aeronautical Journal, 126(1295),59-91 d0i:10.1017/aer.202192



Quadrotor Optimization:Baseline Analysis

« Performed simulations and optimizations at three

. . . . . Maximum SPL[dB Thrust [N
spanwise design variable resolutions:5, 10, 15 variables. 8] [N]

_ _ 80.464555 1438.324294
 Blade loads and SPL for 15 spanwise variable analyses:
Blade Loads Sound Pressure Level
: 4000 82.0
3630 79.2
3260 76.4
o
2890 713.6 5
© [
o =
2520 B 708 g
= £ v
2150 B > 08.0 2
(@] (%))
o 65.2 &
)] £ 0
1780 5
o 62.4 2
1410 A
59.6
1040
56.8
670
| | . | ‘ 54.0
300 -10 -5 0 5

Y [m] 23

Johnson, W., Silva, C., and Solis, E., “Concept Vehicles for VTOL Air Taxi Operations,” Aeromechanics Design for Transformative Vertical Flight, San Francisco, California, 2018, pp. 1-24



Quadrotor Optimization:Result

o Blade Loading
Optimization Problem Statement:
Function or Variable Units Description Quantity =160
Minim ize KS(SPL) dB KS aggregated sound pressure level 1 2000
12100
With respect to Twist ° Blade twist distribution 5/10/15 1oy
Chord m Blade chord distribution 5/10/15 Hoo
N rad/s Rotor rotation rate 1 500
Total design variables /2131 100
-400
Subject to Thrust, =1429.175345 N Single rotor thrust required for ¥ vehicle weight 1 300
Total constraints 1 .
-1900
Optimization Results: Spanwise Distribution:
o —— n=5 —— n=10 —— n=15
SPL [dB] 73.856633 Sound Pressure Level
— 201 & 75
o .\
Thrust, [N] 1429.174531 = =, .
% 10 e, 72
o [rad/s] 61128316 g b \ 69
-10 ° 65%
0.20 53%
T 0.15 \ g 60 5
T 0.10 . 57 &
& E
O 0.05 4 3
wi
0.00 =
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 48
Radial Location (r/R)
: : . . 45
. . - 1024
7dB reduction in noise Y (m]

Blade Loading [Pa]



How can we implement this foraero-structural-acoustic optim ization?

25



Aero-structural-acoustic Optimization

« Mixed-fidelity analysis to combine time-accurate and steady-state analyses within a single optim ization

/ Baseline design /77
Propeller
design

L

Pre-processor

— - _ Updated propeller Updated wing Updated propeller

/ Optimized design Optimizer

= design variables design variables design variables

II - L - II
Blade element Propeller Propeller Propeller
momentum theory blade loads blade loads performance
Aerostructural Updated Aerostructural
solver aerodynamic mesh results

Aerodynamic analysis

Surface loads ,'

Structural .
) Structural analysis
displacements

T
T T

Aeroacoustic

analysis

/ Objective and Functional

constraint values evaluations

— Built into the MPhys framework »



Aerodynam ic Analysis

« Analyzing the NASATiltwing Concept vehicle performance using DAFoam and actuator disk theory




DAFoam + TACS: Aerostructural Optim ization

« Adapted MPhys, DAFoam ,and aerostructuralcoupling with FUNtoFEM and TACS to allow for
propeller deflection under wing deformation

==
|
(i
=
|
||

28



Conclusions and Next Steps

s Implemented a setofgradient-based optimization tools within OpenMDAO to work
towards enabling aero-structural-acoustic optim ization

« Working toimplementouradjoint-based HBEM solverand aeroacoustic analysis tool
iInto MPHYS

o Actively working towards aero-structural-acoustic optimization ofa UAM tiltwing vehicle
« We’llhave more to say about thistomorrow during the MPhys workshop

e Broader methods developmentneeded to move to higher fidelity aerodynamic analysis
e How dowe implementacoupled unsteadyadjoint?

29



Thank you!Questions?

30



BACKUP



A3 Vahana:Parametric Noise Study

https://www.airbus.com/newsroom/stories/vahana-marks-a-major-milestone-with-successful-full-transition-fli


https://www.airbus.com/newsroom/stories/vahana-marks-a-major-milestone-with-successful-full-transition-flight.html

Aerodynamic Analysis Tool
DUSTMid-Fidelity Aerodynam ic Analysis Tool

« Relieson Helmholtzdecom position of velocity field

* Mixed boundaryelements —vortex particle method and based on
free vorticity evolution

« Allows forrange ofdifferent fidelity aerodynamic models

-

|a Cp
0.0[ 300 —3.0 30 0.0 200 —1.6JF W16

Reproduced with permission by the authors from: D Montagnani, M Tugnoli, F Fonte, AZanotti, M Syal,and G Droandi Mid-Fidelity Analysis of Unsteady
Interactional Aerodynam ics of Complex Vitol Configurations. In 45th European Rotorcraft Forum,pages -1 Warsaw, Poland,2019. 33



Single Fan Aerodynam ic Analysis

Cut plane ofaveraged velocity contours in
Particle evolution in hover flight condition hover flight

0
= ke
w D
- =
£ =
= O
= >
o P
S O
®)) O
= [0}
) >

7 VA




Single Fan Aeroacoustic Analysis 10

e Contourplots of Sound Pressure Levelon planes
below and in front of fan

e Observerplane in front of fan:

Sound Pressure \evel Tfé@‘\

e [X\Y,Z]=[-250,100,-250] - [250, 100, 250][m ]

e Grid of [50 x50] observer probes

e Observerplane below fan:

e [X\Y,Z]=[-250,-250,-50] - [250, 250, -50][m ]

e Grid of [50 x50] observer probes

) .. ) 35
*Sound Pressure Levelnormalized to scale 0 —1between minimum and maximum recorded values



Two Fan Aerodynam ic Analysis

Particle evolution and wake interaction in Cut plane ofaveraged velocity contours
hover flight condition showing wake interaction in hover flight

Singularity Intensity
Velocity Magnitude

N




Two Fan Aeroacoustic Analysis

Sound Pressure Level - 100.0[m] Below Fans

« Contourplot of Sound Pressure Levelon 300

plane below fans “0 =

* [X)Y,2] =[-300,-300,-100] - [300 300,-100][m] 29

e Grid of [20 x 20] observer probes 100

Y-Axis [m]

—100

—200

Y-Offset = 2[m], Z-Offset = O[m], Pha
0 = S

*Sound Pressure Levelnormalized to scale 0 —1between minimum and maximum recorded values

X-Axis [m]

100

se-Offset = 0[ ° ]

200

300

0.8

|

dB(Z)
dB(Z)

o
o

Sound Pressure Level [

o
N

o
N

0.0

37



Parametric Study

« Studyofthe change in

noise footprint with respect to horizontal, vertical,and phase offset between fans

¢

X 2.00,2.50, 3.00, 3.50,4.00
1
> f ¢ 0.00 [o]
AY 2.00,2.50,3.00,3.50,4.00  [m]
- B Cazse AZ 0.00 [m]
| b 0,24, 48,72,96 o]
Z
I AZ AY 3.00 [m]
d 1
B - Case AZ 0.00,0.25,0.50,0.75,1.00  [m]

AY b 0,24,48,72,96 o]

38



Parametric Study: Results

o Slices ofthe design space recording the average sound pressure levelon the plane below the vehicle

Average SPL - Z-Offset vs. Y-Offset Average SPL - Phase Offset vs. Y-Offset

e SPL - Phase Offset vs. Z-Offset

0.780 120 0.780 120 M 0.780
100 . 2 100 0.732
0.756 -2 0.756 -2 ==
_ o - 80 T - 80 @
E£06 07328 ¥ 07328 % 3
5 2 9 2 9 2
N 04 0.708 ¥ 3 0.708 v a v
/ & & a0 S & a0 5
5 5 5
fes] o o o
5 0.684 v 20 0.684 » 20 ]
3.0 3.5 4.0 0.660 .0 2.5 3.0 35 4.0 0.660 B.O 0.2 0.4 0.6 0.8 1.0
Y-Offset [m] Y-Offset [m] Z-Offset [m]
e Clearcontoursthat show noise e Cleardependence on phase offset at * Phase offset has distinct effect
increases with increasing Y-offset large values of Y-offset * Inphase:increased noise
* Inphase:increased noise * Qutofphase:decreased noise
e Slight Z-offset dependence especially e OQutofphase:decreased noise
at low values of Y-offset e Z-offsethasonlyminimaleffect

— Withouteven changing the rotor design oroperating conditions,we can substantially change
the noise footprint of multiple rotors in operation

; - ; 39
*Sound Pressure Levelnormalized to scale 0 —1between minimum and maximum recorded values



Hybrid Blade Element Momentum Theory

Momentum Theory Cr: Crur =

. C VZ+V2
Inflow Ratio: Ag=A, +——L e Vs

Where: it = =-
2 Ju2 + 23 T e o e

=> |teratively solve for 1, using Newton-Raphson method

Linear Inflow Model: 21 =2,(1 + k,r cos@) + k, 7 sin())) Where: k, = —

Coefficient of Lift:

For each cross-section at each azimuthal angle: ¢, = CiaQerr

Stall Model:

Adjust C, for each section using stall model:

C, =1 —0)Cruaters + a[2sign(aerr — ap—o) sSin?(@err — ap—p)cos(ders —

1+e—M(aeff—aL=0—a0)+eM(aeff—aL=0+a0)

Where: o0 =
[1+e_M(aeff_aL=°_a0)][1+e_M(aeff_aL=°+a°)]

Blade Element Theory Cr:

Integrate Lift over rotor disk for Thrust:

21
Crper = ART zf J Ciu?c(r) cos() dpdr

Tmin

ar=0)]

Davoudi, B., and Duraisamy, K., “A Hybrid Blade Element Momentum Model for Flight Simulation of Rotary Wing Unmanned Aerial Vehicles,” AIAA

Aviation Forum, Dallas, Texas, 2019, pp. 1-21. do0i:10.2514/6.2019-2823.

R(Tmag) = CT,BET(Tmag) - CT,MT(Tmag) =0

40



Brent’s Method

Bracket root of function f(x) within domain a, b:

Repeat until f(b or s) = 0 or |b — a| is small enough:

If f(a) # f(c)and f(b) # f(c) then:
Inverse Quadratic Interpolation:

_ af (b)f (c) s bf (a)f(c) s cf (a)f (b)
(f@-f)(f@-f@) (B ~f@)fD®) =) (flo)=f@)fle)~f(b)

Else:
Secant Method

s=b —f(b)

f(b) f()

If s is not between 22 and b or mflag is set and |s — b| > Tl or mflag is cleared and |s — b| = —dl or mflagis set and |b — c¢| < || or mflag is

cleared and |c — d| < |5]:
Bisection Method

s = asz; Set mflag
Else:
Clear mflag

Bracket root using linesearch starting at x = 0 and searching for change in sign of residual function

Brent, R. P., Algorithms for Minimization without Derivatives, Prentice-Hall, Englewood Cliffs, NJ, 1973.

41



Compact Aeroacoustic Formulation

* Elements such as lifting-lines and flat plates can be reconstructed using a compact source-sink method
* A source-sink pairis ‘placed” at each discretized airfoil section to mimic the actual airfoil geometry

Modified monopole (thickness) pressure

Source Sink perturbation equation based on source-sink method
CRPOOOOCO = ifmws] 1 [
P A |r(1 — M,)? A |r(1 — M,.)?
| 5C/8 I Source,t* Sink,t*
I_C/S_l — s 1 [PoUotdS (TMif'i + ao(M;#; — MiMi))
— Source,t
| | | 1 [—PoUotdS (TMif'i + ao(M;f; — MiMi))
| c/4 i 3c/4 | + e 21 = M.)?
3 Sink,t*

F H Schmitz and Y H Yu. Helicopter Impulsive Noise: Theoretical and Experimental Status. Technical report, NASA Ames Research Center, Moffett Field, California, 1983.
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Airfoil Sectional Data

1.6 0.25
14 —— Sec. 1: NACA 5412
1 | 1 ’ —— Sec. 2: NACA 5412
. S|mu!a.ted baselme.hoyer operatmg o 0.2 o renmee
condition at each airfoil section ;. — Sec. 4:NACA 1403
0.8 0.15
. . : . G 3
e Viscous formulation with 0.1° analysis 0.6 ;
1: NACA 5412 0.10
steps 0.4 Sec. 2: NACA 5412
02 Sec. 3: NACA 5403
Sec. 4: NACA 1403 000
I BB - o o -
e Values needed for Hybrid Blade s 0o
Element Momentum Theory model: - P 0 ° TR o
1f+_ 1.6 0.00
* Lift-curve slopes (C; vs. a) values N e 1 NACA 410
e Stall onset angle of attack | T Sec. 20 NACA 5412 ~0.02 ,.\/\
1.2 —— Sec. 3: NACA 5403
10 —— Sec. 4: NACA 1403 -0.04
: : ' —— Sec. 1: NACA 5412
* Sections 3 & 4 are more challenging to _ o8 =006 ooc 5! aca sa10
converge —assumed to stall 0.6 ¥ _oos| — Sec 3:NACA5403
) ) ) . 4: NACA 1403
approximately where XFoil fails to 0.4 010
0.2
converge o ot
-0.2 —0.1_:1—
0.00 0.05 0.10 0.15 0.20 0.25 0 5 10 15
Ca al’]
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Quadrotor Optimization:Rotor Data

« Rotorblade data defined at radiallocations along span,obtained from OpenVSP model

« Four airfoil sections,interpolated across span

o Airfoilsections simulated using pyXLIGHT/ XFoilin hover flight condition (w = 75 rad/s)

1.6,
1.4
1.2
1.0
0.8

Ci

0.6
0.41

0.2;

Civs.a

. 1: NACA 5412
. 2: NACA 5412
. 3: NACA 5403
. 4: NACA 1403

44



Kreisselmeier-Steinhauser (KS) Aggregation

* Minimizing a maximum value can be challenging as it may be discontinuous

e The Kreisselmeier-Steinhauser (KS) function aggregates all of the recorded values and smooths the
design space so the overall function is continuous

* Each independent function, g;(x), is aggregated using an aggregation parameter, p, in the
equation below:

Ng

1
kS (9 (0)) =S loge | ), €%
[

e KS (gj (x)) represents the maximum function value that can be constrained or minimized

Kreisselmeier, G., and Steinhauser, R., “Systematic Control Design by Optimizing a Vector Performance Index,” IFAC Proceedings Volumes, Vol. 12, No. 7, 1979, pp. 113-117.
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