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Abstract

Design Methodology of eVTOL Urban Air Mobility
Vehicles Considering Noise Mitigation at Conceptual

Design Stage

Hojin Kim
Department of Aerospace Engineering
The Graduate School

Seoul National University

This article proposes a design methodology for UAM vehicles for noise mitigation
at a conceptual design stage. A rotor analysis module for accurate noise prediction
and a noise prediction module for a conceptual design stage are constructed. The
rotor analysis module is developed for accurately predicting aerodynamic force
distribution around rotor blades, thus enabling accurate noise prediction. This
module consists of rotor analysis using BEMT or BET methods and CAMRAD 11,
and these methods exchange force distribution data, which is iterated in the module
until aerodynamic force distribution by each method converges. The noise prediction
module for a conceptual design stage uses compact loading assumption and dual
compact loading assumption, therefore loading and thickness noise prediction are
completed in a short time. The proposed design methodology is applied to a

conceptual design of an eVTOL aircraft with the lift+cruise concept. Through the
I



design optimization process, the necessity of considering noise impact at the

conceptual design stage is demonstrated.
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Nomenclature

Symbols
Eonoff Turn-on and turn-off energies
fs Switching frequency
G Change in the slope of the discharge curve due to current
Iqq d- and g-axis current
et Reference current which is the on-state current after the commutation
I Current space vector
Ism Voltage space vector
K Primary dependency of voltage on the capacity discharged
Laq d- and g-axis inductance
M Modulation index
MTOW  Maximum take-off gross weight
N Number of the battery cell
P Power
Pcu Copper loss
Pre Iron loss
P Conduction loss
P Switching loss
Pho-10aa NO-load power
P, Number of pole-pair
Q Total capacity discharged up to the present instant
R Internal resistance of the battery cell
Rece IGBT’s differential resistance
Rg Diode’s differential resistance
Ry Phase resistance
SP Specific power
T Torque
Vs Open circuit (no load) voltage
Vee IGBT’s threshold voltage
Vaq d- and g-axis voltage



DC link voltage

Diode’s threshold voltage

Reference voltage which is the blocking state voltage of the IGBT
before the commutation

Voltage space vector

Voltage constraint

Phase angle

Efficiency

Stator permanent magnet flux linkage
Base speed

Electrical velocity
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Chapter 1. Introduction

Since Uber announced its white paper [1] in 2016, interest in electric vertical
takeoff and landing (VTOL) aircraft for urban air mobility (UAM) has been
increasing. The advancements in electrification and automation technology
accelerated the emergence of eVTOL aircraft. In addition to these technological
developments that have made the emergence of eVTOL aircraft possible, noise
emission caused by UAM vehicles is an important issue for the successful integration
of UAM into the transport system[2]. This is because they are expected to fly
frequent and short missions over populated areas at relatively low altitudes and they
will operate with many numbers to conduct those missions [2, 3]. Due to the
significance of the noise in introducing UAM into the new transport system, effective
mitigation and prediction of the noise generated by eVTOL aircraft are considered
essential [2, 4].

In addition to the increasing significance of the noise itself, the relative
importance of the noise of eVTOL aircraft compared with conventional major
requirements (e.g. range, seat capacity, and cruise speed) becomes large [5]. Also,
major sizing parameters of aircraft are determined in the conceptual design stages,
and these parameters including the gross weight of the aircraft can have the most
impact on the acoustics of the aircraft[6]. Moreover, according to Faulkner|[7],
reducing the rotor tip speed is much more influential than changing other rotor design
parameters in the detail design stage (eg. rotor tip and planform design) in reducing
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aeroacoustic noise from rotor blades. And compared with conventional helicopters
with engines, eVTOL aircraft with electric propulsion systems (EPS) have a wider
range of rotational speed. Therefore, compared with conventional helicopters, the
noise impact of eVTOL aircraft can vary with a much larger range in the conceptual
design stage where rotational speeds are determined. For all these reasons mentioned
above, the noise impact of the eVTOL aircraft should be considered in the conceptual
design stage, and by including the noise prediction in the early stage of design,
decisions for the design of each eVTOL aircraft can be evaluated under control of
the noise impact [8]. Furthermore, eVTOL aircraft can have design freedom in
configuration (eg. multirotor type, lift+cruise type, and vectored thrust type) due to
the advance in distributed electric propulsion (DEP) technology. Therefore,
predicting the noise impact of each configuration in the conceptual design stage is
necessary.

Meanwhile, rotors in DEP configuration show different aerodynamic
characteristics from an isolated rotor. Zhou et al. [9] investigated variations in the
aerodynamic and aeroacoustic performances caused by the rotor-to-rotor interactions
in small UAVs through experiments. The magnitude of thrust fluctuation and noise
increased in a dramatic way as the distance between each rotor became smaller,
which was caused by complex flow interactions. Shukl et al. [10, 11] found the same
trends in performance variation with respect to the separation distance, and tip
vortices and trailing edge vortex sheets were visualized using high-speed stereo

particle image velocimetry (SPIV) system. With a small separation distance, tip
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vortices from each rotor were split into small spots of high vorticity within a rotation
and did not follow normal helical trajectories. Healy et al. [12] conducted an
investigation into interactional aerodynamics caused by the laterally and
longitudinally canted rotors using the commercial Navier-Stokes CFD solver,
AcuSolve[13]. Five two-rotor cases where front rotors and aft rotors with different
cant angles were positioned in line with the flow direction were solved, and penalties
in thrust and change in pitching and rolling moments for aft rotors in each case were
quantitatively compared with a single rotor case. Since the front rotor caused
downwash on the aft rotor, aft rotors always showed reduced thrust and nose-down
pitching moment due to decreases in the lift at the front part of the aft rotor disk. The
case with the longitudinal inner cant showed 21% of thrust penalty and 95% of
pitching moment change in the aft rotor. And simple rotor analysis models (eg. blade
element theory or blade momentum theory) that were normally used in the
conceptual design frameworks cannot capture the interactional aerodynamics and
aeroacoustics of adjacent rotors. Therefore, using these analysis models can cause
large gaps with real aerodynamic and aeroacoustic performances and finally
undesired repetitions of feedback in the design process.

On the other hand, some other computational methods for rotor acrodynamics
have the capability of capturing rotor-rotor interactions [12, 14-24]. Especially, rotor
free wake modeling[25-33] has proved its capability of predicting aerodynamic
interactions between rotors, which are caused by tip vortices from each rotor. In the

study by Guan et al[22], the acoustic experiment of a dual-rotor system by NASA

9



[34] was chosen for verification of the multirotor aerodynamic noise prediction
framework using free wake modeling. The measured noise directivity was selected
as validation data and the in-plane noise was well captured by free wake modeling.
In the case of the ouf-of-plane results, the simulation showed good consistency with
the test, and the mean square error in terms of amplitude was about 2dB [34].
Therefore, when conducting sizing and noise prediction in the conceptual design
stage of eVTOL aircraft with DEP configuration, using rotor aerodynamic analysis
models like free wake modeling can provide more realistic results[35] than simple
rotor analysis models like BET or BEMT, which are not capable of capturing the
rotor interaction effects.

In this study, the multidisciplinary conceptual design of eVTOL aircraft was
conducted, and, in addition to the sizing parameters of eVTOL aircraft, the noise
impact was calculated. In the design process, for capturing the aerodynamic and
aeroacoustic interactions under the DEP configuration with the close proximity
between rotors, aerodynamic coupling between a lifting line-based analysis with the
free wake modeling and a conceptual design framework of eVTOL aircraft was
performed. For the lifting line-based analysis model and the conceptual design
framework of eVTOL aircraft, the comprehensive analysis model of rotorcraft
aerodynamics and dynamics II (CAMRAD II) [36] and rotorcraft initial sizing and
performance estimation tool-kit+ (RISPECT+) [37] were used respectively. In this
aerodynamic coupling, rotor aerodynamic analysis results from BET and BEMT

modules in RISPECT+ are corrected by the results from CAMRAD II, which can
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capture unsteady loading and fluctuation in aeroacoustic pressure change caused by
the interactions between each rotor and tip vortices from other rotors. By using this
coupling between CAMRAD II and the rotor analysis model in RISPECT+,
aerodynamic and aeroacoustic performance changes under rotor-rotor interaction
were captured. A parametric study of design variables in eVTOL aircraft was
performed for an enhanced understanding of critical design variables affecting the
sizing parameters and noise impact of eVTOL aircraft with the DEP configuration.
Plus, a design optimization was conducted using RISPECT+ with the coupling
method, from which a guideline for conducting an initial sizing of eVTOL aircraft
with a low noise impact is suggested.

The remainder of this paper is organized as follows. Chapter 2 briefly introduces
the overall flow of RISPECT+. Chapters 3 and 4 detail the four sizing modules in
RISPECT+ and the noise analysis module respectively. Chapter 5 presents the
parametric study results of an eVTOL aircraft using the proposed framework.
Chapter 6 provides the optimization results of the eVTOL aircraft. Finally, Chapter

7 discusses the results and provides the conclusion of the paper.
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Chapter 2. Conceptual Design Framework for

eVTOL Aircraft : RISPECT+

In this study, the conceptual design framework RISPECT+ [38] (Rotorcraft Initial
Sizing and Performance Estimation Code and Toolkit+) is used. RISPECT+ was
developed as a program to provide performance analysis and initial sizing results for
VTOL aircraft with various kinds of configurations. It also provides EPS analysis
modules, therefore accurate weight estimation of EPS for eVTOL aircraft is possible
[39]. As in Figure 2-1, RISPECT+ consists of three steps. In step one, the initial
sizing of an eVTOL aircraft using input design conditions is conducted. Modules in
this step consist of 1) a flight analysis module, 2) a propulsion system sizing module,
3) a mission analysis module, and 4) a weight estimation module. In step two,
aerodynamic model correction and noise analysis are conducted. In this step, by
coupling the flight analysis module in RISPECT+ and CAMRAD II, accurate
aerodynamic force calculation is conducted. In addition, by using the newly
developed noise prediction module, the noise impact of each eVTOL aircraft is
evaluated. In step 3, by calculating each design’s fitness, design optimization is

conducted. The overall flow of RISPECT+ with noise prediction is in Fig. 2-1.
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Design variables, Constraints, Mission profile,...

Input data:

Construct / Modify
Geometry information

-

Initial value assumptions
: MTOW, # of battery cells

)

Step 1 : eVTOL aircraft sizing

Update

Propulsion sys. sizing

Mission analysis

MTOW, # of battery cells

No

i s | TR Caouiate satisty
Weight estimation X termination
Auvailable payload condition?
Step 2: Aerodynamic model correction & noise analysis
Update CAMRAD I1 HF analysis Sizing result
Flight analysis (aerodynamic) Yes running ? MTOW
Empty weight
Energy consump.
. . Max. SPL
Noise analysis  [—*
Step 3. Optimizer
Change No Satisty Calculate Constraint

Design variables
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ondition?

Optimal design

Fitness value

check

Figure 2-1. Flowchart of the conceptual design methodology using

RISPECT+.
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Chapter 3. Sizing Module in RISPECT+

Sizing modules in RISPECT+ consist of a flight analysis module, propulsion
system sizing module, mission analysis module, and weight estimation module. Each

module is explained in this section.

3.1. Flight analysis module

As mentioned above, the previous version of RISPECT+ uses BEMT and BET
methods for fast estimation of rotor performance at a conceptual design stage[38].
These methods can be considered as suitable if calculating rotor performance and
conducting initial weight estimation of eVTOL aircraft are the only interests at the
conceptual design stage. However, with respect to accurately predicting noise
impacts caused by multiple rotors, these methods are not proper because they assume
that there is no aerodynamic interaction between each rotor, therefore neglecting
aerodynamic force distribution change around rotor blades due to the rotor-rotor
interaction effect. Specifically, BEMT method calculates the inflow ratio, 4; across
the radial direction of the rotor blade and determines lift coefficient, €; and drag
coefficient, C; at each blade section, assuming that there is no rotor-rotor
interaction. Therefore, all rotors have the same rotational speed and C; and C,
distribution. However, when more than two rotors are under rotor-rotor interaction,

the aerodynamic force distribution is influenced by the interaction, the aerodynamic
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force distribution is influenced by the interactions. Therefore, noise source
generation is affected by the interactions [40].

For this reason, in this study, RISPECT+ & CAMRAD II coupling is used for
accurately predicting aerodynamic force distribution around rotor blades under rotor-
rotor interaction. The flow chart of RISPECT+ & CAMRAD II coupling is in Fig.
3-1.

First, for a given set of input design variables, RISPECT+ conducts initial sizing

for an eVTOL aircraft as seen in Fig. 3-1. In this process, RISPECT+ only uses

Input data:

Design variables, Constraints, Mission profile....

Construct / Modify Initial value assumptions Atep 1:eVTOL mrcraﬁ siamg
Geomelry mlormation MTOW, # of battery cells
T Update
MTOW, # of battery cells
l No

Satisly
termination
condition?,

Sizing modules in Calculate
RISPECT + Available payload

(es

Step 2: Aerodynamic model correction & noise analysis CRPMED i

Update CAMRAD IT
Flight analysis | ( €, C4) distribution on each rotor | {aerodynamic)

)0 G @@'@

& distribution G distribution

A(RPMED) i

< 0.5

Noise analysis

(RPM&E ) erimpss — (RPM&D )orim,

A(RPMEE )4y (RPMER) i

® 100

Figure 3-1. RISPECT+ & CAMRAD II Coupling
BEMT / BET methods for predicting aerodynamic force distribution around rotor
and propeller blades and calculates control input sets of rotors and propellers for a
trimmed condition at each mission segment. Then, the control input sets at each

mission segment are provided to CAMRAD II as input operating conditions ,and
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aerodynamic force distribution around rotor and propeller blades are caculated using
the free wake model. Now the force distribution at each rotor and propeller blade
obtained by CAMRAD Il is provided to RISPECT+, and RISPECT+ conducts flight
analysis modified by the force distribution and resizes the eVTOL aircraft. In this
sizing process, RISPECT+ again calculates control input sets of rotors and propellers
for a trimmed condition, and they are used again by CAMRAD II as input operating
conditions. This procedure repeats until the difference of control inputs for a trimmed
condition between present and previous step is less than 1%. After the procedure
ends, final gross weight of the eVTOL aircraft is determined and noise analysis
module calculates noise impacts of the eVTOL aircraft. Figure 3-2 shows the process
where C€; and C4 distributions calculated by RISPECT+ and CAMRAD II

converge to each other.

0s 0012
07 ool
06 P 0.010 /\
05
Initial = B e
a3 0.008
02 RISPECT+ result o0 ——— RISPECT+ result
0.1 CAMRAD I result 0.006 CAMRAD II result
00 0.008
00 01 02 03 04 05 06 07 03 05 10 " 00 01 02 03 04 05 06 07 08 09 1O
B oR
":: o012
2:, o011
os 0010
Iteration 1 su 8™
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0.008
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R

08 0.012

07 0011
oe 0010
05

Iteration 5 =

A 0,009
o008

02 RISPECT+ result o RISPECT+ result
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Figure 3-2. Convergence history of RISPECT+ & CAMRAD II Coupling
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3.2. Electric propulsion system sizing module
3.2.1. Motor analysis

For the analysis of the permanent magnet synchronous motor (PMSM), three
control strategies that can help an efficient operation of the PMSM are utilized in
this study, and they are described below [41].

Maximum torque per ampere (MTPA) control: This concept is a control method
to obtain the maximum torque under the given stator current amplitude by
controlling d- and g- axis current components.

Field weakening or Maximum torque per voltage control: These concepts
increase the rotational speed by reducing electromagnetic torque. Because
propulsive loads (fan, rotor, or propeller) reach high power and high speed
simultaneously, field weakening and maximum torque per voltage control strategies

to achieve high speed at the expense of torque are not useful for aircraft propulsion.

[ Constant Torque Region

'g' TMTPA

E ‘\ -

l-)q_; L FW

o A T™MTPV

'

s MTPA FW MTPV
(Ub a)p

Rotation speed w [rad/s]

Figure 3-3. Example of the PMSM control using three control strategies
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Figure 3-3 shows an example of the PMSM control using three control strategies
mentioned above and Figure 3-4 shows the input current vector trajectory at control

strategy for efficient operation of the PMSM.

I
e 'Iy Constant
2
, \‘? torque curve

Current limit
circle
Voltage limit
ellipse

I Ig
Figure 3-4. Input current vector trajectory
As it can be seen in Figure 3-3, which type of control strategy will be used
basically depends on the torque and corresponding rotational speed of motor.
Therefore, baseline speed @, and critical speed w, should be obtained first to
determine a control startegy at a given torque and rotational speed.

Electromagnetic torque T, can be obtained by using Eq. (3-1)
3P
G-1) Te=33 [A01g + (La — Lg)Ial 4]

3P , (La—Lg) .
=33 Aolgsing + TqISSanB
And by differentiating equation (3-1) with respect to the phase angle f, the

optimal d- and g- axis current components that maximize T, can be calcuated. The

optimized curruent component of each axis are in Egs. (3-2) and (3-3).
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Ao Ao Zn
3-2) Iy = — =m
(3-2) Lam 2(Lg—La) \/ 16(Lg—La)” T

(3-3) Igm = /Igm -3,

In addition, the baseline speed w, until which the PMSM can maintain
maximum torque under current limit and voltage limit can be obtained by using Eq.
(3-4). And as it can be seen in Figure 3-3, the limiting point for MTPA control is

where MTPA curve, current limit curve and voltage limit curve cross.

(34) wp = o -
\/(Ldldm‘l'lo)z + (quqm)

If motor speed of the PMSM becomes larger than wj,, the PMSM applies FW
control under the given voltage limit condition. Since maximum terminal volatge
becomes smaller as motor speed becomes larger, allowable torque decreases with the
increase of motor speed. Current component of d- and g- axis under FW control can

be determined by using Egs. (3-5) and (3-6)

we

~2Lado+ j(udzo)z—4(L§-L§,)<zg+ng,z,,_(V_m)>
(3-5) lan = -

(3-6) Igy = /Igm - 13,

When the motor speed increases until critical speed w,, FW control is the best

2(LG-13)

strategy for providing the largest torque. However, if the motor speed becomes larger
than w,, the PMSM can provide higher torque by using MTPV control than FW
control. The critical speed @, can be obtained by equating the torque produced by
FW T, and the torque produced by MTPV control T, and finding the w,, that

19



satisfies that equation. T,, can be calcualted by Egs. (3-1), (3-5) and (3-6); T,
can be calculated by Egs. (3-1), (3-7), (3-8) and (3-9).

A
(3-7) lap = =72~ Al

— JVsm/we)2=(Al4Lg)?
(3-8) Iqp = i

Lq Lq, \? Lq )2 Vsm
a‘f’*j(a’“’) +8(z2-1) (5m)

(3-9) Al = Yo

After obtaining wj and w,, motor efficiency can be calculated as Eq. (3-4)
using the current and voltage component at each operating control strategy and motor

parameters determined through motor sizing procedure.

Pmec
(3-10) Mmotor = h

Pmech+Piron+Pcopper+Pno—load

More detailed information about each loss component can be found in [42].

3.2.2. Inverter analylsis module

In this study, inverters with six pairs of insulated gate bipolar transistor (IGBT)
and diode are used for calculating inverter efficiency.

For the inverter composed of pairs of IGBT and diode, power loss by the inverter,
Possiny can be obtained by the sum of switching loss, P;sand conduction loss,
P, and they are calculated as in [43, 44].

(3-11) Ploss,inv =6 X (Pls + Plc,I + Plc,D)

20



Since input voltage and current of motor and output voltage of battery are needed
for calculating power loss by the inverter. Therefore, motor, inverter and battery

analysis should be conducted at every time step among every mission segment.

3.2.3. Battery analysis module

In this study, nearly-linear discharge model is used for battery analysis. Since the
model considers output voltage drop effect of battery as discharge undergoes, it can
accurately calculate battery cell curruent and voltage and therefore the inverter
efficiency and battery depth of discharge (DOD). Mathmatical modeling of battery

cell voltage is in Eq. (3-12) [45] .

(3-12) v=o0.5 [(V0 —KQ) ++/(Vo—KQ)? — 4(RP + GQP)]

3.3. Mission analysis module

At mission analysis module, flight analysis explained in Chap. 3.1. is conducted
at all mission segements such as take off, hovering and cruising and rotor operation
indices such as required power and rotational speed are calculated. Then, by using
EPS analysis moudles mentioned in Chap. 3.2., the total discharged battery capacity
is calculated and finally the minimum numer of battery cells to satisfy the whole

mission profile is determined.

3.4. Weight estimation module

21



Weight estimation module calculates the weight of each component of eVTOL
aircraft such as motor, inverter, wing and fuselage using table data. More detailed

information can be found in [42].
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Chapter 4. Noise Prediction in RISPECT+

In this study, only loding noise and thickness noise are calculated for predicting
noise from eVTOL aircraft. Mathmatical modeling of each noise component is

described below.

4.1. Loading noise

In this study, Farasst’s 1A loading noise formula [46] with compact loading
assumption [47] is used for calculating loading noise from rotors. In compact loading
assumption, sectional loading is assumed to be applied at c/4 of airfoil and that point
is used as a noise source for loading noise calculation. By using this assumption,
surface integral in original Farassat’s 1A loading noise formula changes to line
integral as in Eq. (4-1), therfore flowfield data from comprehensive analysis code

can be used for loading noise prediciton and time efficient noise prediction is

possible.
' _1 L, L—Ly
(4-1) 4mpi(xt) = [ [Tll—Mr|2]ret dR+ Jro [r|1_Mr|2]ret 4R
1 L.(rM, + cM,. — cM?
+= f a = — )] dR
€Jr=0 1 - M, ret
4.2. Thickness noise

For calculating thickness noise prediction, Farassat’s 1A thickness noise formula

with dual compact loading assumption is used in this study [48]. In dual compact
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loading assumption, all chordwise nosie sources along blade surface are replaced by
two loading sources of which loading values are pocih respectively and directions
are opposite to that of each other as in Figure 4-1. As in compact loading assumption,
this assumption can help time efficient calculation of thickness noise. Validations
between thickness noise calculated by normal thickness noise formula and dual

compact loading assumption are shown in Figure 4-2.

h: maximum thickness of airfoil

poCih €———o

Figure 4-1. Dual compact laoding assumption for thickness noise prediction

wuh) = 180D’ Hlll»= na wum:goc! Onhh = DD
02 038
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t I l“ “ a6 - - = = Dual compact thickness noise
[ e | i
U ]

—02F | | | = 04
g | | ! £
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e { | i £
204 | | | F
H i | | ] e T L T T
£ . [ | by } v
206 i Il | E
R -
H [ 1 g
121 11 | «
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Figure 4-2. Comparison between normal thickness noise formula and dual

compact loading assumption
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4.3. Retarded-time algorithm

In this study, as a retarded-time algorithm, soure-time-dominant algorithm was
used [49]. In this algorithm source time is regarded as the primary time (dominant
time). For calculating aeroacoustic pressure change at observers, the source time is
chosen first and then determine the time when the signal will reach the observer.

Next, acoustic pressures are interpolated based on desired observer times.
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Chapter 5. Parametric Study of an eVTOL Aircraft

Design Using the Framework

Using the proposed framework, parametric study was conducted to see an effect
of each design variable on the quantities of interest (QOIs). In this study, QOIs
consist of major QOIs such as gross weight and noise impact of an eVTOL aircraft

and minor Qols such as motor weight and hovering tip Mach number.

5.1. Problem definition

Table 5-1. Geometric data of Wisk Cora|[50]

Rotor!! Disk loading (per rotor): 14.76 lb/ft2
Aspect ratio: 3.17
Taper ratio: 0.75

Collective pitch: 13.5 deg

Wing!H Wing loading: 19.45 Ib/ft2
Aspect ratio: 12.4

Taper ratio: 1

Propeller Radius: 3.5 ft

Solidity: 0.1

Wisk Cora was used as the baseline eVTOL aircraft and its geometric data is in

Table 5-1., and its three-dimensional modeling is in Figure 5-1. For mission profile
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of the eVTOL aircraft, simplified version of Uber Elevate mission profile [50] was

used as in Figure 5-2.

(Motor 2, Inverter 2)

Figure 5-1. Three-dimensional modeling of Wisk Cora[38]

A|titLidE [m] 97 km cruise at 177 km/h
(49.2 m/s)
305 —
2.5 m/s climb 2.5 m/s descent
1 min loiter 1 min loiter
91 —
2.5 m/s climb 2.5 m/s descent
0 _| 2.5 m/s take-off 1.94 m/s
30 sec hover ” Iandlrlg
[ | 20 I [ g
0 8 105 114  Range [km]

Figure 5-2. Uber Elevate mission profile[50]

For the parametric study, 12 design variables are used, and the target payload of

eVTOL aircraft is set as 400 Ib. Details about each design variable and payload are

listed in Table 5-2.
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Table 5-2. Design variables & payload

Rotor

Radius Chord Twist Incidence angle

[f] [f] [deg] [ded]

1.8 <Rypror <2.4  0.5< Cropor < 0.8 —15< 0y r000r <0 13.5 < O ror0r < 23.8

Propeller
Radius Chord Twist Rotational speed
> [ft] [ft] [deg] [RPM]
3<Ry0p <42  0.3<Cp<0.43-18<0,,,,,p <—12 1950 < RPM,,,, < 2640
Wing
Span . Incidecne angle Supporting rod length
Aspect ratio
[ft] [deg] [ft]
32.8 < Span,iny <43.210 < ARying <15 10 < 8,,,, < 15 6.4<1,,;<9.6
Payload 400 Ib (fixed)

For assessing the noise impact of each eVTOL aircraft design, the quantitative
criteria suggested in Uber Elevate was used. According to Uber Elevate white paper,
UAM departing from or landing at vertiports should satisfy noise level criteria that
maximum A-weighted overall sound pressure level (OASPL) on the ground, Lgmax
is approximately 62 dBA at 500ft [1]. Therefore, Lgmaxr on the ground while an
eVTOL aircraft is hovering at 500 ft was chosed as an assesment for noise impact of
each eVTOL aircraft design. For calculating Lgmax, €1 & C4 distribution and
rotational speed of each rotor determined through the sizing procedure mentioned in
Chapter 3 are provided to the noise prediction module. Then, using the noise
prediction module, acoustic pressure change is calculated at each point on the ground

which is 500 ft below an eVTOL aircraft, and A-weighted OASPL is calculated at
28



each point. Finally, Lgnax 1s determined among all points on the ground. For
example, noise countour of the baseline eVTOL aircraft is in Figure 5-3 and

calculated Lgpqx 1s 74.8 dBA

0

Figure 5-3. Noise contour (A-weighted OASPL) of the baseline eVTOL

aircraft on the ground

5.2. ANOVA and sensitivity analysis

For conducting analysis of varinace (ANOVA) and sensitivity analysis between
design variables and QOIs, a surrogate model was construced using Gaussian
Process Regression (GPR) where total 3000 points were sampled through latin
hypercube sampling (LHS) [51]. GPR assumes likelihood function as Gaussian and
applies posterior Gaussian process for predicting functions [52]. Validation of each
GPR model is in Appendix. However, in this sizing problem, not all sets of design

variables can satify the target payload even though the sizing moudle in RISPECT+
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increases the gross weight to get the payload of 400 1b. For example, if Rpyop of an
eVTOL aircraft gets smaller, a higher propeller collective pitch at the cruising
mission is required. And if Rp;.qp is too small, the required collective pitch at the
cruising mission is too high, and the input collective pitch crosses the limit where
stall occurs, showing an unacceptable performance. Finally, the eVTOL aircraft with
too small Ry, cannot complete the cruising mission, therefore is not capable of
satisfying the target payload. For this reason, another surrogate model should be
constructed for classifying the whole design space into feasible and infeasible space.
For this, we used Gaussian Process Classifier (GPC). GPC uses Laplace
approximation for the posterior process because targets are discrete class labels, and
is suitable for binary classification or multi-class classification [52]. In this problem,
target labels are ‘feasible’ and ‘infeasible’, therefore GPC for a binary problem is
used. Validation of GPC is in Appendix.

For analyzing relations between design variables and QOls, Analysis of variance
(ANOVA) was performed. ANOVA is a method that quantitatively estimates global
sensitivity of each design variable by calculating the ratio of a covariance of a design
variable to a total variance of all design variable sets [53]. In this study, ANOVA was
performed for two major QOIs, GW and L ;4. Furthermore, sensitivity analysis
was performed for analyzing relations between design variables and QOlIs in more
detail. In this analysis, the baseline eVTOL aircraft was chosen as a reference point,

and crossings between two red dotted lines mean the reference point. Areas with gray
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color mean infeasible design spaces that cannot satisfy the target payload, which are

classified by the GPC model mentioned above.
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Figure 5-4. ANOVA results
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Figure 5-5. Sensitivity analysis results for GW (1)
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Figure 5-6. Sensitivity analysis results for GW (2)

As in Figure 5-4., through ANOVA for GW, 0 ,ot0r> Otwrotor and Ryoror
are identified as having significant effects on GW. The reason for their influences is
that hovering performance of a rotor is closely related with the motor size. Maximum
required power and torque occur at the hovering mission, and as mentioned in Chap.
3.2.1, motor sizing is conducted based on the maximum required torque among all
mission segments. Therby, the hovering performance is important in deciding the
weight of motor. And the weight of other subsystems such as inverters and wiring
increases in proportion to the increase of the motor weight. Therefore, ¢ ,o¢0r and
Otw rotor that are closely related with hovering performance are influential in

determining the gross weight. These relations are confirmed in the sensitivity
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analysis in Figure 5-5. As 0 otor Increases, the required torque, Tpoyper, for the
hovering mission increases, which leads to the increase of the motor weight,
W notor- This is accompanied by the weight increase of the inverter, W,perter> thus
causing the total weight increase. Furthermore, it is shown that the increase of
00.rotor corresponds with the decrease of the total system efficiency at the hovering
mission, Npoper- This is same for By o0 as in Figure 5-5. In addition, as in
Figure 5-4, R,.,, and RPM,,,, are also recognized as important design
variables when deciding the gross weight. This is because the weight of battery is
closely related with the cruising performance. As mentioned in Chap. 3.3, the
number of parallel and serial battery cells is determined by calculating required
energy through whole mission profile. And since the duration of the cruising mission
is about 50 minutes, used energy at the cruising mission takes most of the total used
energy. For this reason, battery weight is closely related with the cruising
performance. And similar with a motor, the weight of other electric propulsion
subsystems such as thermal management sysemt (TMS) increases as the weight of
the battery increases, design varaibles such as Ry,,, and RPM,,, have large
impacts on the gross weight. We can validate these correlations in depth by
conducting sensitivity analysis. As in Figure 5-6, as R, increases, the required
energy, E ,.,ise, fOr the cruising mission decreases, thus leading to the increase of
the battery weight, Wygrery and the TMS weight, Wrys. But this trend changes

to the opossite after a point because as Rp;.op increases, he tip speed of a propeller
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increases, which is followed by the increase of the required power for the propeller.
This is same for RPM,,,,, as in Figure 5-6.

When ANOVA is conducted for Lamayx, @orotors Otwrotor and Rygpoy are
the most influential in deciding the noise impact. This is because the magnitude of
aeroacoustic noise from rotors largely depends on the rotor tip speed, which
corresponds with Faulkner’s research on the relation between noise and the tip speed
[7]. On top of that, this relation can be verified in this study via sensitivity analysis
between these three design variables and the hovering tip Mach number of rotors,
Mip hover- As in Figure 5-6., when 0 .op0r increases, My pover decreases and
even though GW increases as 6,0, Increases, thus enlarging sectional loading
on the rotor blade, the increase of My, pover Overwhelms enlarged sectional
loading, therefore Lg,;,uq decreases. Likewise, as the absolute magnitude of
01w rotor decreases (less twisted), the average sectional twist angle increases, thus
reducing Myip hover - And It finally causes the drop in Lgmqayx in spite of the
increase of sectional loading caused by surging GW. Lastly, as R, ;o increases,
M ip hover decreases. And enlarged sectional loading caused by the increase of GW
and expansion of thickness noise sources due to the increase of Ry, 0r are
overwhelmed by the reduction in My hover» thus causing drop in L gmqx-

Since in this study, only maximum value of A-weighted OASPL is considerd as
noise impact of eVTOL aircraft, noise contours for three designs (Design A, B and

C) are depicted in Figure 5-8. In addition, sectional loading distribution around rotor

34



blades for each design is portrayed in Figure 5-8. And Table 5-3 explains Qols of

each design.
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Figure 5-7. Sensitivity analysis for L ;.
Table 5-3. Qols of each design
Design B
Qols Design A Design C
(baseline)
GW [Ib] 2734 2966 3588
Lamax[dBA] 85.89 78.42 70.09
Mip hover 0.64 0.6 0.55

As it can be seen in Figure 5-8, when a design changes from Design A to Design

C, not only Lgpmax drops from 85.89 dBA to 70.09 dBA, but also overall OASPL
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on the ground decreases. Furthermore, as mentioned above, even though lift around
rotor blades is larger in Design C than in Design A due to larger GW (3588 1b >

2734 1b), higher My hover (0.64 > 0.55) in Deisgn A overwhelms it, thus making

Deisgn A have poor aeroacoustic performance.
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Figure 5-8. Noise contour and lift distribtusion for each design

Through ANOVA and sensitivity analysis, design variables which are dominant
in determining GW and Lg,,q, are identified. Among these design variables,
00 rotor. Otwrotor and Ryopor show opposite correlations for GW and Lggy-

That is, these two design variables show positive correlations with GW and negative
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correlations with Lg,,4, and this will be validated again through the optimization

process in Chapter 6.
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Chapter 6. Design optimization

Using this framework, a global design optimization was conducted on a eVTOL
aircraft with the lift+cruise configuration. In this study, the design varaibles and the
target payload in Table 5-2 that were used in the pramatric design study were used
agian in the global design optimization.

Next, the genetic algorithm (GA) was selected as an algorithm for the global
design optimization and the optimization was conducted on the surrogate model
constructed on Chap. 5.2. GA was adapted since it has advantage of showing good
performance for problems with discontinuity and multimodality [54]. Especially,
nondominated sorting genetic algorithm II (NSGA-II) was adapted because this
algorithm was proved to have good ability of finding Pareto solution set for
multiobjective opmization problems by using non-dominated sorting and crowding
distance sorting strategies [55]. The opimization process including the GA algorithm
was conducted using pymoo library in Python, which is developed for solving
optmization problems with multi objective genetic algorithm [56].

Constratins were set to acheive a realistic desgin of the eVTOL aircraft, and GW
and Lgn,qx Were set as objective functions. Constraints and objective functions are
in Table 6-1. Feasibility in the list of constraints means wheter a design can satisfy
the target payload or not, and this is determined based on the surrogate model

constructed on Chap. 5.2 using GPC.
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Table 6-1. Constraints and objectives

Rotor-rotor > 10 % of the rotor
clearance radius
Rotor-wing > 10 % of the rotor
clearance radius
Constraints
Mtip,rotor <0.65
Mtip,prop < 0-8
Feasibility in terms of payload
GW
Objectives
LAmax

Through the optimization process, 353 Pareto solutions were obtained as shown
in Figure 6-1. In addition to Preto points, each point’s five most influential design

parameters acquired in Chapter 5.2. (0¢otor, Otwrotor Rrotor: Rprop and

RPM,,.,) are shown in Figure 6-1 where each parameter is normalized.

As in Figure 6-1, a clear trade-off relation between GW and L 4,4, 1S shown.
In addition, as a design change from n =1 to n = 353, which corresponds to L gmax
being reduced and GW being surged, ¢ ot0r increases, R0 increases, and
0t rotor decreases. This is in accordance with the results from the parametric study.
In Chap. 5.2. it was validated that these design variables have significant influences

in deciding GW and Lg;,q, -and they have opposite correlations between these
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two objectives; these relations are revalidated through the optimization process. On
the other hand, Ryop and RPM,,,,, remain almost same fromn =1 to n = 353,
and again this is a revalidation of the results from the parametric study. Through the
paramteric study, it was shown that Rp.op and RPM,,,,, have strong influences
only on GW, and as in Figure 6-1, these two design varaibles barely change across

Pareto solution sets.

gn=! ® Pareto solutions
80 ‘\ @ Baseline

\ 69, rotor olw, rotor

70

LAmax [d BA]

50 0 100 200 200 400

2000 2200 2400 " 2600 2800 3000
GW [lb]

Figure 6-1. Pareto solutions obtained based on surrogate model
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Chapter 7. Conclusion

In this study, a design methodology of UAM vehicles for noise mitigation at a
conceptual design stage was newly developed. In the new design methodology, a
flight analysis module using RISPECT+ & CAMRAD I coupling was used to
predict aerodyanmic force distribution accurately, therefore accurate noise
prediction is possible. In addition, for fast noise calculation at the conceptual design
stage, noise prediction module with compact loading assumption and dual compact
loading assumption was used. By using this noise mudule, noise impact of an eV TOL
aircraft can be evaluated in a short time. Using the new methodology, parametric
study and design optimization were conducted and physical insights of desigining
eVTOL aircraft when considering both the gross weight and noise impact were

acquired.

First, design variables related with hovering performance have opposite
correlations for the hovering tip Mach number and gross weight of eVTOL aircraft.
Second, even though tip Mach number and gross weight change in opposite
directions, the effect on noise impact by the tip Mach number change overwhelms
that by the gross weight change. Finally, because of the two reasons just mentioned,
the gross weight and the noise impact have trade-off relation when desigining

eVTOL aircraft.

As a future work, validation and improvement of CAMRAD Il model using

computation fluid dynamics (CFD) simulations is being considered. By conducting
41



validation and improvemnet procedure, it is expected that the methodology becomes

more accurate and realistic.
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