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Abstract 
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 II, 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 
design optimization process, the necessity of considering noise impact at the conceptual design stage is 
demonstrated. 

 

NOMENCLATURE 

  

𝐸on,off  Turn-on and turn-off energies 

𝑓S  Switching frequency 

𝐺  Change in the slope of the discharge 
curve due to current 

𝐼d,q  d- and q-axis current 

𝐼ref  Reference current which is the on-state 
current after the commutation 

𝐼𝑠  Current space vector 

𝐼sm  Voltage space vector 

𝐾  Primary dependency of voltage on the 
capacity discharged 

𝐿d,q  d- and q-axis inductance 

𝑀  Modulation index 

MTOW Maximum take-off gross weight 
𝑁  Number of the battery cell 

𝑃  Power 

𝑃Cu  Copper loss 

𝑃Fe  Iron loss 

𝑃lc  Conduction loss 

𝑃ls  Switching loss 

𝑃no−load  No-load power 

𝑃p  Number of pole-pair 

𝑄  Total capacity discharged up to the 
present instant 

𝑅  Internal resistance of the battery cell 

𝑅ce  IGBT’s differential resistance 

𝑅F  Diode’s differential resistance 

𝑅s  Phase resistance 

SP Specific power 
𝑇  Torque 
𝑉0  Open circuit (no load) voltage 
𝑉ce  IGBT’s threshold voltage 

𝑉d,q  d- and q-axis voltage 

𝑉DC  DC link voltage 

𝑉F  Diode’s threshold voltage 

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

𝑉𝑠  Voltage space vector 

𝑉sm  Voltage constraint 

𝛽  Phase angle 

𝜂  Efficiency 

𝜆0  Stator permanent magnet flux linkage 

𝜔b  Base speed 

𝜔e  Electrical velocity 

  

  

1. INTRODUCTION 

 Since Uber announced their first vision for future 
mobility industry in 2016 [1], interest in urban air 
mobility (UAM) with electric vertical take-off and 
landing (eVTOL) concept has increased. The 
advancements in electrification, automation, and 
VTOL further increase interest and accelerate the 
emergence of eVTOL aircraft. eVTOL aircraft is 
considered as the most suitable type for UAM 
because it causes no emission problem which is 
serious in modern cities such as New York and 
Seoul [2]. In addition, it is capable of VTOL, which 
is essential in urban areas without proper runways 
[3]. 

 However, a rotary wing system used in VTOL 
aircraft makes large noise by nature and causes 
people to get diseases such as hearing loss and 
insomnia if they are continuously exposed to that 
noise [4]. Therefore, except for medical use, 
communities have opposed other uses of UAM on-
demand services due to their noise [1]. In addition, 
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national institutions such as Federal Aviation 
Administration (FAA) and International Civil 
Aviation Organization (ICAO) have set criteria for 
VTOL aircraft designs and operations for low noise 
impact on communities [5]. For that reason, noise 
impacts of eVTOL aircraft should be considered as 
one of the most important issues along with safety 
and eco-friendliness for the prosperity of the UAM 
industry. 

 Meanwhile, because of the large noise 
characteristics of VTOL aircraft with a rotary wing 
system, much research has been conducted on 
reducing aeroacoustic noise from the rotary wing 
system. Chae. [6] conducted design optimization of 
a rotor blade, where UH-1H rotor blade was set as 
the baseline blade. Acoustic pressure peak and 
power coefficient at the hovering condition are set 
as objective functions and total 17 design variables 
were used in the design optimization, where 13 of 
them are related with blade planform design and 
the others are related with airfoil design. Hong. [7] 
carried out parametric study of a drone blade 
design with wavy leading edges on the 
aeroacoustic performance. Three design variables 
are used in the parametric study, and those 
variables are horizontal wave amplitude, vertical 
wave amplitude and sweep factor. 

 However, according to Fualkner, a new tip 
planform and twist distribution of a rotor blade can 
reduce noise to some degree but cannot reduce it 
dramatically [8]. Instead, noise mitigation effect by 
rotor tip speed reduction is much larger than that 
by the new planform design and twist distribution of 
the rotor blade. In spite of the fact that the rotor tip 
speed plays the most important role in reducing 
noise, the aforementioned research [6,7] only 
carried out planform and twist design optimization 
for aeroacoustic performance under the fixed blade 
tip speed. This is because conventional helicopters 
with engines have very limited range of rotational 
speed, therefore rotor tip speed is almost fixed.  

On the other hand, VTOL aircraft with electric 
motors have a wider range of rotation speed than 
that with engines, thus suggesting that the tip 
speed should be considered as one of design 
variables when we design a rotor blade for eVTOL 
aircraft. And since the rotor tip speed of eVTOL 
aircraft is determined at a conceptual design stage 
where electric propulsion system (EPS) sizing is 
carried out, it can be suggested that noise 
prediction and mitigation of eVTOL aircraft should 
be conducted at the conceptual design stage. 

 Our Primary objective in this paper is providing a 
new framework for noise prediction and mitigation 
at a conceptual design stage of eVTOL aircraft. For 

a conceptual design of eVTOL aircraft, we use 
RISPECT+ (Rotorcraft Initial Sizing and 
Performance Estimation Code and Toolkit+) 
program, which is developed for sizing and 
performance analysis of various VTOL aircraft and 
provides EPS analysis modules. In the previous 
version of RISPECT+, blade element momentum 
theory (BEMT) and blade element theory (BET) are 
used for flight analysis since these methods are 
able to quickly estimate thrust and required power 
made by each rotor at the conceptual design stage. 
However, these methods are not suitable for 
accurate noise prediction, which requires accurate 
flow field prediction around rotor blades. In 
addition, these methods assume that there is no 
aerodynamic interaction between each rotor, which 
can cause inaccurate performance analysis and 
noise prediction for eVTOL aircraft with many 
rotors which are close to each other. Therefore, a 
comprehensive analytical model of rotorcraft 
aerodynamics and dynamics II (CAMRAD II) [9] is 
used for accurately predicting aerodynamic force 
distribution around rotor blades under rotor-rotor 
aerodynamic interaction. On top of that, since the 
general forms of Farassat’s 1A loading and 
thickness noise formula require surface integral for 
noise sources, constructing blade surface grids are 
necessary [16]. For this reason, the loading noise 
formula with compact loading assumption and the 
thickness noise formula with dual compact loading 
assumption are used in this study. Therefore, fast 
noise prediction at the conceptual design stage is 
possible.  

 The remainder of this paper is organized as 
follows. Section 2 briefly introduces overall flow of 
RISPECT+. Section 3 and 4 details the four sizing 
modules in RISPECT+ and the noise analysis 
module respectively. Section 5 presents 
parametric study results of an eVTOL aircraft using 
the proposed framework. Section 6 provides 
optimization result of the eVTOL aircraft. Finally, 
Section 7 discuss the results and provides 
conclusion of the paper. 

 

2. CONCEPTUAL DESIGN FRAMEWORK FOR 

EVTOL AIRCRAFT: RISPECT+ 

In this study, the conceptual design framework 
RISPECT+ [10] (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 [11]. As in 
Figure 1, RISPECT+ consists three stpes. In step 
one, initial sizing of an eVTOL aircraft using input 
design conditions is conducted. Modules in this 
step consist of 1) flight analysis module, 2) 
propulsion system sizing module, 3) mission 
analysis module and 4) 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, noise 
impact of each eVTOL aircraft is evaluated. In step 
3, by calculating each design’s fitness, design 
optimization is coudcted. Overall flow of 
RISPECT+ with noise prediction is in Fig. 1. 

 

3. SIZING MODULE IN RISPECT + 

Sizing modules in RISPECT+ consist of 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[]. 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, 𝝀𝒊  across the radial direction of the rotor 

blade and determines lift coefficient, 𝑪𝒍 and drag 

coefficient, 𝑪𝒅  at each blade section, assuming 
that there is no rotor-rotor interaction. Therefore, all 
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Figure 1 Overall Flow Chart of RISPECT+ 



 

 

rotors have the same rotational speed and 𝑪𝒍 and 
𝑪𝒅  distribution. However, when more than two 
rotors are under rotor-rotor interaction, the 
aerodynamic force distribution is influenced by the 
interaction. Therefore, noise source generation is 
affected by the interaction. [3] 

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. 2. 

 

Figure 2 RISPECT+ & CAMRAD II Coupling 

 

First, for a given set of input design variables, 
RISPECT+ conducts initial sizing for an eVTOL 
aircraft as seen in Fig. 2. In this process, 
RISPECT+ only uses 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 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 II 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 shows the process where 𝑪𝒍 and 

𝑪𝒅  distributions calculated by RISPECT+ and 
CAMRAD II converge to each other.  

Figure 3 Convergence History of RISPECT+ & 
CAMRAD II Coupling 

 

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 [12]. 

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 q- 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. 

Figure 4 Example of the PMSM Control Using 
Three Control Strategies 



 

 

Figure 4 shows an example of the PMSM control 
using three control strategies mentioned above 
and Figure 5 shows the input current vector 
trajectory at control strategy for efficient operation 
of the PMSM. 

 

As it can be seen in Figure 4, which type of control 
strategy will be used basically depends on the 
torque and corresponding rotational speed of 
motor. Therefore, baseline speed 𝛚𝐛 and critical 

speed 𝛚𝐩 should be obtained first to determine a 

control startegy at a given torque and rotational 
speed. 

Electromagnetic torque 𝑻𝒆 can be obtained by 
using Eq. (1) 

(𝟏) 𝑻𝒆 =
𝟑

𝟐

𝑷

𝟐
[𝝀𝟎𝑰𝒒 + (𝑳𝒅 − 𝑳𝒒)𝑰𝒅𝑰𝒒] 

    =
𝟑

𝟐

𝑷

𝟐
[𝝀𝟎𝑰𝒔𝒔𝒊𝒏𝜷 +

(𝑳𝒅 − 𝑳𝒒)

𝟐
𝑰𝒔𝒔𝒊𝒏𝟐𝜷] 

And by differentiating equation (1) with respect to 
the phase angle 𝜷 , the optimal d- and q- axis 

current components that maximize 𝑻𝒆  can be 
calcuated. The optimized curruent component of 
each axis are in Eqs. (2) and (3) 

(2) 𝑰𝒅𝒎 =
𝝀𝟎

𝟐(𝑳𝒒−𝑳𝒅)
− √

𝝀𝟎

𝟏𝟔(𝑳𝒒−𝑳𝒅)
𝟐 +

𝑰𝒔𝒎
𝟐

𝟐
  

(3) 𝑰𝒒𝒎 = √𝑰𝒔𝒎
𝟐 − 𝑰𝒅𝒎

𝟐  

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

(4) 𝝎𝒃 =
𝑽𝒔𝒎

√(𝑳𝒅𝑰𝒅𝒎+𝝀𝟎)𝟐+(𝑳𝒒𝑰𝒒𝒎)
𝟐
 

If motor speed of the PMSM becomes larger than 
𝝎𝒃, 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 q- axis under FW control can be determined by 
using Eqs. (5) and (6) 

(5) 𝑰𝐝𝐧 = −

−𝟐𝑳𝐝𝝀𝟎+√(𝟐𝑳𝐝𝝀𝟎)𝟐−𝟒(𝑳𝐝
𝟐−𝑳𝐪

𝟐)(𝝀𝟎
𝟐+𝑳𝐪

𝟐𝑰𝐦
𝟐 −(

𝑽𝐦
𝝎𝐞

))

𝟐(𝑳𝐝
𝟐−𝑳𝐪

𝟐)
 

(6) 𝑰𝐪𝐧 = √𝑰𝐬𝐦
𝟐 − 𝑰𝐝𝐧

𝟐  

When the motor speed increases until critical 
speed 𝝎𝒑 , FW control is the best strategy for 

providing the largest torque. However, if the motor 
speed becomes larger than 𝝎𝒑 , the PMSM can 

provide higher torque by using MTPV control than 
FW control. The critical speed 𝝎𝒑 can be obtained 

by equating the torque produced by FW 𝑻𝒏 and 

the torque produced by MTPV control 𝑻𝒑 and 

finding the 𝝎𝒑 that satisfies that equation. 𝑻𝒏 can 

be calcualted by Eqs. (1), (5) and (6); 𝑻𝒑 can be 

calculated by Eqs. (1), (7), (8) and (9). 

(7) 𝑰𝐝𝐩 = −
𝝀𝟎

𝑳𝐝
− ∆𝑰𝐝 

(8) 𝑰𝐪𝐩 =
√(𝑽𝐬𝐦 𝝎𝐞⁄  )𝟐−(∆𝑰𝐝𝑳𝐝)𝟐

𝑳𝐪
 

(9) ∆𝑰𝐝 =

𝑳𝐪

𝑳𝐝
𝝀𝟎+√(

𝑳𝐪

𝑳𝐝
𝝀𝟎)

𝟐

+𝟖(
𝑳𝐪

𝑳𝐝
 −𝟏)

𝟐

(
𝑽𝐬𝐦
𝝎𝐞

)

𝟒(𝑳𝐝−𝑳𝐪)
 

After obtaining 𝝎𝒃 and 𝝎𝒑, motor efficiency can 

be calculated as Eq. (10) using the current and 
voltage component at each operating control 
strategy and motor parameters determined through 
motor sizing procedure. 

(10) 𝜼𝐦𝐨𝐭𝐨𝐫 =
𝑷𝐦𝐞𝐜𝐡

𝑷𝐦𝐞𝐜𝐡+𝑷𝐢𝐫𝐨𝐧+𝑷𝐜𝐨𝐩𝐩𝐞𝐫+𝑷𝐧𝐨−𝐥𝐨𝐚𝐝
 

More detailed information about each loss 
component can be found in [16]. 

 

3.2.2 Inverter analysis 

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, 𝑷𝒍𝒐𝒔𝒔,𝒊𝒏𝒗 can be 

obtained by the sum of switching loss, 𝑷𝒍𝒔  and 
conduction loss, 𝑷𝒍𝒄 and they are calculated as in  
[13, 14] 

(16) 𝑷𝒍𝒐𝒔𝒔,𝒊𝒏𝒗 = 𝟔 × (𝑷𝒍𝒔 + 𝑷𝒍𝒄,𝑰 + 𝑷𝒍𝒄,𝑫) 

Since input voltage and current of motor and output 
voltage of battery are needed for calculating power 

Figure 3 Input Current Vector Trajectory 



 

 

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. (22) [15] . 

(22) 𝑽 = 𝟎. 𝟓 [(𝑽𝟎 − 𝑲𝑸) +

                          √(𝑽𝟎 − 𝑲𝑸)𝟐 − 𝟒(𝑹𝑷 + 𝑮𝑸𝑷)] 

 

3.3. Mission analysis module 

At mission analysis module, flight analysis 
explained in Sec. 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 Sec. 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 

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 [16]. 

 

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 
[17] with compact loading assumption [18] 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. (23), 
therfore flowfield data from comprehensive 

analysis code can be used for loading noise 
prediciton and time efficient noise prediction is 
possible. 

(𝟐𝟑) 𝟒𝝅𝒑𝑳
′ (𝒙, 𝒕) =

𝟏

𝒄
∫ [

𝑳𝒓̇

𝒓|𝟏 − 𝑴𝒓|𝟐
]

𝒓𝒆𝒕

𝒅𝑹
𝒇=𝟎

 

                + ∫ [
𝑳𝒓 − 𝑳𝑴

𝒓|𝟏 − 𝑴𝒓|𝟐
]

𝒓𝒆𝒕

𝒅𝑹
𝒇=𝟎

 

         +
𝟏

𝒄
∫ [

𝑳𝒓(𝒓𝑴̇𝒓 + 𝐜𝐌𝒓 − 𝐜𝐌𝟐)

𝒓𝟐|𝟏 − 𝑴𝒓|𝟑
]

𝒓𝒆𝒕

𝒅𝑹
𝒇=𝟎

 

 

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 
[19]. In dual compact loading assumption, all 
chordwise nosie sources along blade surface are 
replaced by two loading sources of which loading 

values are 𝝆𝟎𝒄𝟎
𝟐𝒉  respectively and directions are 

opposite to that of each other as in Figure 6. 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 7. 

 

4.3.  Retarded-time algorithm 

In this study, as a retarded-time algorithm, soure-
time-dominant algorithm was used [20]. In this 
algorithm source time is regarded as the primary 

Figure 6 Dual Compact Loading Assumption for 
Thickness Noise 

h : maximum thickness of airfoil 

Figure 7 Comparison Between Normal Thickness 
Noise Formula and Dual Compact Loading 
Assumption 



 

 

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.  

 

5. PARAMETRIC STUDY OF AN EVTOL 
AIRCRAFT DEISGN 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 QoIs such as motor weight and hovering tip 
Mach number. 

 

5.1. Problem definition 

Wisk Cora was used as the baseline eVTOL 
aircraft and its geometric data is in Table 1., and its 
three-dimensional modeling is in Figure 8. For 
mission profile of the eVTOL aircraft, simplified 
version of Uber Elevate mission profile [21] was 
used as in Figure 9. 

 

Table 1 Geometric Data of Wisk Cora [21] 

Rotor[1] Disk loading (per rotor): 14.76 lb/ft2 

Aspect ratio: 3.17 

Taper ratio: 0.75 

Collective pitch: 13.5 deg 

Wing[1] Wing loading: 19.45 lb/ft2 

Aspect ratio: 12.4 

Taper ratio: 1 

Propeller[1] Radius: 3.5 ft 

Solidity: 0.1 

 

For the parametric study, 12 design variables are 
used, and the target payload of eVTOL aircraft is 
set as 400 lb. Details about each design variable 
and payload are listed in Table 2. 

 

Table 2 Design Variables & Payload 

DV 

Rotor 

Radius 
[ft] 

Chord 
[ft] 

Twist 
[deg] 

Incidence angle 
[deg] 

𝟏. 𝟖 < 𝑹𝒓𝒐𝒕𝒐𝒓 < 𝟐. 𝟒 𝟎. 𝟓 < 𝒄𝒓𝒐𝒕𝒐𝒓 < 𝟎. 𝟖 −𝟏𝟓 < 𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓 < 𝟎 𝟏𝟑. 𝟓 < 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓 < 𝟐𝟑. 𝟖 

Propeller 

Radius 
[ft] 

Chord 
[ft] 

Twist 
[deg] 

Rotational speed 
[RPM] 

𝟑 < 𝑹𝒑𝒓𝒐𝒑 < 𝟒. 𝟐 𝟎. 𝟑 < 𝒄𝒑𝒓𝒐𝒑 < 𝟎. 𝟒𝟑 −𝟏𝟖 < 𝜽𝒕𝒘,𝒑𝒓𝒐𝒑 < −𝟏𝟐 𝟏𝟗𝟓𝟎 < 𝑹𝑷𝑴𝒑𝒓𝒐𝒑 < 𝟐𝟔𝟒𝟎 

Wing 

Span 
[ft] 

Aspect ratio 
Incidecne angle 

[deg] 

Supporting rod 
length 

[ft] 

𝟑𝟐. 𝟖 < 𝑺𝒑𝒂𝒏𝒘𝒊𝒏𝒈 < 𝟒𝟑. 𝟐 𝟏𝟎 < 𝑨𝑹𝒘𝒊𝒏𝒈 < 𝟏𝟓 𝟏𝟎 < 𝜽𝒘𝒊𝒏𝒈 < 𝟏𝟓 𝟔. 𝟒 < 𝒍𝒓𝒐𝒅 < 𝟗. 𝟔 

Payload 400 lb (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, 𝑳𝑨𝒎𝒂𝒙 is 
approximately 62 dBA at 500ft [1]. Therefore, 
𝑳𝑨𝒎𝒂𝒙  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 𝑳𝑨𝒎𝒂𝒙 , 𝑪𝒍 & 𝑪𝒅  distribution and 
rotational speed of each rotor determined through 
the sizing procedure mentioned in Section 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 each point. 
Finally, 𝑳𝑨𝒎𝒂𝒙 is determined among all points on 
the ground. For example, noise countour of the 
baseline eVTOL aircraft is in Figure 10 and 
calculated 𝑳𝑨𝒎𝒂𝒙 is 74.8 dBA  

Figure 8 Three-dimensional Modeling of Wisk 
Cora [10] 
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Figure 10 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) [22]. GPR assumes likelihood 
function as Gaussian and applies posterior 
Gaussian process for predicting functions [23]. 
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+ increases 
the gross weight to get the payload of 400 lb. For 
example, if 𝑹𝒑𝒓𝒐𝒑  of an eVTOL aircraft gets 

smaller, a higher propeller collective pitch at the 
cruising mission is required. And if 𝑹𝒑𝒓𝒐𝒑  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 𝑹𝒑𝒓𝒐𝒑 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 
[23]. 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 QOIs, 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 [24]. In this study, ANOVA was performed for 
two major QOIs, 𝑮𝑾  and 𝑳𝑨𝒎𝒂𝒙 . Furthermore, 
sensitivity analysis was performed for analyzing 

relations between design variables and QOIs 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 color mean 
infeasible design spaces that cannot satisfy the 
target payload, which are classified by the GPC 
model mentioned above.  

 

 

As in Figure 11., through ANOVA for 𝑮𝑾, 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓,  

𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓  and 𝑹𝒓𝒐𝒕𝒐𝒓  are identified as having 

significant effects on 𝑮𝑾 . The reason for their 
influences is that hovering performance of a rotor 

(a) 𝐺𝑊 (b) 𝐿𝐴𝑚𝑎𝑥 

Figure 11 ANOVA Results 

Figure 12 Sensitivity Analysis Results for GW 



 

 

is closely related with the motor size. Maximum 
required power and torque occur at the hovering 
mission, and as mentioned in Section 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, 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓  and 𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓  that are 

closely related with hovering performance are 
influential in determining the gross weight. These 
relations are confirmed in the sensitivity analysis in 
Figure 12. As 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓  increases, the required 

torque, 𝝉𝒉𝒐𝒗𝒆𝒓, for the hovering mission increases, 
which leads to the increase of the motor weight, 
𝑾𝒎𝒐𝒕𝒐𝒓 . This is accompanied by the weight 

increase of the inverter, 𝑾𝒊𝒏𝒗𝒆𝒓𝒕𝒆𝒓 , thus causing 
the total weight increase. Furthermore, it is shown 
that the increase of 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓 corresponds with the 

decrease of the total system efficiency at the 
hovering mission, 𝜼𝒉𝒐𝒗𝒆𝒓. This is same for 𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓 

as in Figure 12. In addition, as in Figure 11, 𝑹𝒑𝒓𝒐𝒑 

and 𝑹𝑷𝑴𝒑𝒓𝒐𝒑  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 Section 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 𝑹𝒑𝒓𝒐𝒑  and 𝑹𝑷𝑴𝒑𝒓𝒐𝒑 

have large impacts on the gross weight. We can 
validate these correlations in depth by conducting 
sensitivity analysis. As in Figure 12, as 𝑹𝒑𝒓𝒐𝒑 

increases, the required energy, 𝑬𝒄𝒓𝒖𝒊𝒔𝒆 , for the 
cruising mission decreases, thus leading to the 

increase of the battery weight, 𝑾𝒃𝒂𝒕𝒕𝒆𝒓𝒚  and the 

TMS weight, 𝑾𝑻𝑴𝑺. But this trend changes to the 

opossite after a point because as 𝑹𝒑𝒓𝒐𝒑 increases, 

he tip speed of a propeller increases, which is 
followed by the increase of the required power for 
the propeller. This is same for 𝑹𝑷𝑴𝒑𝒓𝒐𝒑  as in 

Figure 12. 

When ANOVA is conducted for 𝑳𝑨𝒎𝒂𝒙 , 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓 ,  

𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓  and 𝑹𝒓𝒐𝒕𝒐𝒓  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, 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓 . As in Figure 12., when 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓 

increases, 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓 decreases and even though 

𝑮𝑾  increases as 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓  increases, thus 

enlarging sectional loading on the rotor blade, the 
increase of 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓  overwhelms enlarged 

sectional loading, therefore 𝑳𝑨𝒎𝒂𝒙  decreases. 

Likewise, as the absolute magnitude of 𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓 

decreases (less twisted), the average sectional 
twist angle increases, thus reducing 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓 . 

And It finally causes the drop in 𝑳𝑨𝒎𝒂𝒙 in spite of 
the increase of sectional loading caused by surging 
𝑮𝑾 . Lastly, as 𝑹𝒓𝒐𝒕𝒐𝒓  increases, 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓 

decreases. And enlarged sectional loading caused 
by the increase of 𝑮𝑾 and expansion of thickness 

noise sources due to the increase of 𝑹𝒓𝒐𝒕𝒐𝒓  are 

overwhelmed by the reduction in 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓 , thus 

causing drop in 𝑳𝑨𝒎𝒂𝒙.  

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 14. In 
addition, sectional loading distribution around rotor 
blades for each design is portrayed in Figure 14. 
And Table 3 explains QoIs of each design. 

 

Table 3. QoIs of Each Design 

QoIs Design A 
Design B 
(baseline) 

 
Design C 

𝑮𝑾 [lb] 2734 2966  3588 

𝑳𝑨𝒎𝒂𝒙[dBA] 85.89 78.42  70.09 

𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓 0.64 0.6  0.55 

Figure 13 Sensitivity Analysis Results for 𝑳𝑨𝒎𝒂𝒙 



 

 

As it can be seen in Figure 14, when a design 
changes from Design A to Design C, not only 
𝑳𝑨𝒎𝒂𝒙  drops from 85.89 dBA to 70.09 dBA, but 
also overall OASPL 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 lb > 2734 lb), 

higher 𝑴𝒕𝒊𝒑,𝒉𝒐𝒗𝒆𝒓  (0.64 > 0.55) in Deisgn A 

overwhelms it, thus making Deisgn A have poor 
aeroacoustic performance.  

Through ANOVA and sensitivity analysis, design 
variables which are dominant in determining 𝑮𝑾 
and 𝑳𝑨𝒎𝒂𝒙  are identified. Among these design 

variables, 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓 , 𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓  and 𝑹𝒓𝒐𝒕𝒐𝒓 show 

opposite correlations for 𝑮𝑾 and 𝑳𝑨𝒎𝒂𝒙. That is, 
these two design variables show positive 
correlations with 𝑮𝑾  and negative correlations 
with 𝑳𝑨𝒎𝒂𝒙 and this will be validated again through 
the optimization process in Section 6. 

 

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 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 Section 5.2. GA was 
adapted since it has advantage of showing good 
performance for problems with discontinuity and 
multimodality [25]. 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 [26]. 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 [27]. 

Constratins were set to acheive a realistic desgin 
of the eVTOL aircraft, and 𝑮𝑾 and 𝑳𝑨𝒎𝒂𝒙  were 
set as objective functions. Constraints and 
objective functions are in Table 4. 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 Section 5.2 using GPC. 

 

Table 4 Constraints and Objectives 

Constraints 

Rotor-rotor 
clearance 

> 10 % of the 
rotor radius 

Rotor-wing 
clearance 

> 10 % of the 
rotor radius 

𝑴𝒕𝒊𝒑,𝒓𝒐𝒕𝒐𝒓 < 0.65 

𝑴𝒕𝒊𝒑,𝒑𝒓𝒐𝒑 < 0.8 

Feasibility in terms of payload 

Objectives 

 𝑮𝑾 

𝑳𝑨𝒎𝒂𝒙 

 

Through the optimization process, 353 Pareto 
solutions were obtained as shown in Figure 15. In 
addition to Preto points, each point’s five most 
influential design parameters acquired in Section 
5.2. ( 𝜽𝟎,𝒓𝒐𝒕𝒐𝒓 , 𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓 , 𝑹𝒓𝒐𝒕𝒐𝒓 , 𝑹𝒑𝒓𝒐𝒑  and 

𝑹𝑷𝑴𝒑𝒓𝒐𝒑 ) are shown in Figure 14 where each 

parameter is normalized.  

As in Figure 15, a clear trade-off relation between 
𝑮𝑾 and 𝑳𝑨𝒎𝒂𝒙 is shown. In addition, as a design 
change from n = 1 to n = 353, which corresponds 
to 𝑳𝑨𝒎𝒂𝒙  being reduced and 𝑮𝑾 being surged, 

𝜽𝟎,𝒓𝒐𝒕𝒐𝒓  increases, 𝑹𝒓𝒐𝒕𝒐𝒓  increases, and  

𝜽𝒕𝒘,𝒓𝒐𝒕𝒐𝒓 decreases. This is in accordance with the 

results from the parametric study. In Section 5.2. it 
was validated that these design variables have 
significant influences in deciding 𝑮𝑾  and 

𝑳𝑨𝒎𝒂𝒙  ,and they have opposite correlations 

Figure 14 Noise Contour and Lift Distribution for 
Each Design 



 

 

between these two objectives; these relations are 
revalidated through the optimization process. On 
the other hand, 𝑹𝒑𝒓𝒐𝒑  and 𝑹𝑷𝑴𝒑𝒓𝒐𝒑  remain 

almost same from n = 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 𝑹𝒑𝒓𝒐𝒑  and 𝑹𝑷𝑴𝒑𝒓𝒐𝒑  have strong influences 

only on 𝑮𝑾, and as in Figure 15, these two design 
varaibles barely change across Pareto solution 
sets. 

 

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 II 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 eVTOL 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 II model using computation fluid 
dynamics (CFD) simulations is being considered. 
By conducting validation and improvemnet 
procedure, it is expected that the methodology 
becomes more accurate and realistic. 
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