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Abstract 

This paper employs a comprehensive analysis code to investigate the effects of key parameters on variable-

speed rotors. The feasibility of reducing tip speed to achieve noise mitigation is validated; however, it is also 

shown that this approach may compromise the wind resistance capability of eVTOLs. This paper presents a 

comprehensive optimization method focusing on aerodynamics, noise reduction, and wind resistance 

capability to overcome challenges induced by wind disturbances during the landing phase of vectored thrust 

eVTOLs. The method decouples the optimization of rotor tip speed from that of blade geometry to improve 

computational efficiency and accelerate the optimization process. Using the proposed method, two sets of 

optimizations were conducted. Result A, which does not account for wind resistance capability, shows varying 

degrees of improvement or preservation in both aerodynamic and acoustic performance during hover and 

forward flight. Result B, optimized with the inclusion of a wind resistance coefficient, sacrifices part of the 

aerodynamic and acoustic performance in forward flight in exchange for a lower thrust fluctuation rate and 

lower gust reduced frequency, indicating enhanced wind resistance capability. 

1. NOTATION 

Symbols 

𝑐𝑛 Chord distribution 

𝑘𝑔 Gust reduced frequency 

𝑛𝑢𝑚𝑏 Number of blades 

𝑝𝛽 elliptic function hyperparameters 

𝑞𝛽 elliptic function hyperparameters 

𝑅𝑡 
Blade radius 

𝑅ℎ Blade root radius 

𝑇ℎ𝑜𝑣 Thrust per rotor in hover 

𝑇𝑐𝑟 Thrust per rotor in forward flight  

𝑆𝑃𝐿 Sound pressure level 

𝑆𝑃𝐿𝐴 A-weighted sound pressure level 

𝑉𝑡ℎ𝑜𝑣 Tip speed in hover 

𝑉𝑡𝑐𝑟 Tip speed in forward flight 

𝛽0 Blade pitch angle 

𝛽ℎ Blade root twist 

𝛽𝑛 Twist distribution 

𝛽𝑡 Tip twist 

𝜂 Propeller efficiency 

𝜂𝑛 Spanwise position 

𝜃ℎ𝑜𝑣 Collective pitch in hover 

𝜃𝑐𝑟 Collective pitch in forward flight  

𝜎 Rotor solidity 

𝛺 Rotor rotational speed 

 

Acronyms 

CFD Computational Fluid Dynamics 

eVTOL electric Vertical Take-Off and 
Landing 

FM Figure of Merit 

FW-H Ffowcs Wiliams-Hawkings 

SPL Sound Pressure Level 
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2. INTRODUCTION 

In recent years, electric Vertical Take-Off and Landing 

(eVTOL) technology has experienced rapid global 

development. eVTOLs offer distinct advantages in 

safety and noise reduction compared to traditional 

aircraft. Their low noise and emissions position them 

as key players in addressing environmental pollution 

and urban traffic congestion. 

Among various configurations, vectored thrust 

eVTOLs stand out for their superior cruise efficiency, 

speed, and range. The rotor, the primary source of 

both thrust and noise, plays a crucial role in the 

aircraft's overall performance. For vectored thrust 

eVTOLs, it is imperative to evaluate rotor 

performance across multiple flight modes, including 

helicopter mode, airplane mode, and the transitional 

tilting phase, imposing stringent rotor blade design 

requirements. 

Designs featuring low tip speeds and high solidity can 

substantially reduce rotor noise while maintaining 

high efficiency—a principle widely adopted in 

vectored thrust eVTOLs. However, this approach 

introduces new challenges. Firstly, low tip speeds 

heighten the rotor's sensitivity to winds; even at 

modest wind speeds, significant fluctuations in the 

blades' effective angle of attack can occur, 

compromising flight stability. Secondly, increased 

solidity results in a larger moment of inertia, adversely 

affecting acceleration performance and response 

bandwidth. Therefore, when designing vectored 

thrust eVTOLs, it is essential to account for the 

impacts of low tip speeds and high solidity. 

Several studies have highlighted the significant 

aerodynamic and control effects of gusts on multirotor 

systems. Bo Li et al. (Ref. 1) conducted a five-year 

measurement of urban wind conditions at altitudes 

ranging from 8 to 280 meters in Beijing. The results 

show that wind speeds below 4 m/s are predominant 

at a height of 47 meters. However, above 140 meters, 

the occurrence probability of wind speeds exceeding 

6 m/s increases significantly. Furthermore, wind 

below 10 Hz could be observed throughout the 

measurement period. Jones et al.（Ref. 2）pointed out 

that small-scale unmanned aerial vehicles (UAVs) 

and Advanced Air Mobility operations in low-level 

urban environments, nap-of-the-earth, and shipboard 

operations will encounter gusts on the order of vehicle 

reference scales with magnitudes that will induce 

nonlinear, separated flows. Narayanan et al.（Ref. 3）

used the free vortex method to study the time and 

frequency domain of thrust, spanwise angle of attack 

distribution, and the rotor wake structure across the 

gust event. The study has shown that gusts will 

reduce the effective angle of attack, leading to a 

decrease in lift. An overshoot in thrust is often 

observed at the end of a gust event. Moreover, gusts 

may intensify blade–vortex interactions (BVI) 

between the wakes of different rotors. In summary, 

gusts are a common phenomenon in urban low-

altitude environments and have a non-negligible 

impact on the performance and controllability of 

eVTOLs. Therefore, the influence of wind should be 

taken into account in the rotor design process. 

Numerous studies have explored rotor blade shape 

optimization to improve performance. Several 

researchers(Refs. 4,5) have adopted high-fidelity 

methods such as CFD and CSD to get rotor 

performance, which is a computationally expensive 

way and not suitable for optimal design. Clarke(Ref. 

6) et al. present an inexpensive but suitably accurate 

approach for designing low-noise rotors for vertical 

and short take-off and landing aircraft. Wilke(Ref. 7) 

et al. have joined forces to cooperate on optimizing 

helicopter rotor blades. The cooperation approved 

that most simulation methodologies are useful for 

rotor blades in various flight conditions. In summary, 

previous rotor blade optimization methods(Refs. 9-13) 

for eVTOLs face two key issues: previous studies 

have not comprehensively considered multiple 

performance metrics of variable-speed rotors across 

different flight conditions, nor have they examined the 

impact of low tip speeds and high solidity on wind 

resistance. 

This paper utilizes computational analysis to define 

the range and constraints of the optimization 

parameters. A comprehensive optimization method is 

presented focusing on aerodynamics, noise reduction, 

and wind resistance capability of variable-speed 

rotors. The general conclusions of this paper are 

drawn from the comparative analysis of the various 

optimization outcomes. 

3. COMPUTATIONAL METHODS 

After evaluating both computational speed and result 

accuracy, this paper employs the following method to 

calculate rotor performance: 

3.1 Dynamics 

This paper uses a multi-body dynamics model for 

tiltrotor based on the second class of Lagrange 



equations. The generalized coordinates and 

velocities in the second class of Lagrange equations 

are directly associated with the system’s motion state, 

which avoids the need to deal with redundant 

constraint equations in the first class of Lagrange 

equations. The structural model is derived from 

moderately deformed beam theory, with the blade 

discretized by elements of 5 nodes and 15 degrees of 

freedom. 

3.2 Aerodynamics 

The free-wake methods are a class of medium-fidelity 

vortex methods. It is formulated under the Lagrangian 

framework based on the assumptions of 

incompressibility and inviscid flow. This method 

accounts for both the self-induced motion of the wake 

and its distortion effects. Compared with 

computational fluid dynamics (CFD) methods, it offers 

significantly higher computational efficiency while 

maintaining greater accuracy than traditional inflow 

models. Considering the above advantages, the free-

wake method is employed in this study to model the 

rotor wake and to perform the optimization design of 

rotor blades. 

The rotor wake consists of a series of vortices shed 

from the blade. The wake region within 30 degrees of 

the blade azimuth is considered the near wake, while 

beyond this range, the wake forms a large tip vortex. 

The circulation in the near wake can be computed 

using the bound vortices derived from the 

Weissinger-L lifting line theory, while the circulation 

strength of the tip vortex corresponds to the maximum 

circulation of the blade. The governing equations of 

the free-wake method are as follows (Eq. 1): 

 {

𝑑𝐫

𝑑𝑡
= 𝐕(𝐫)

𝐫 = 𝐫𝟎     𝑡 = 0
 ( 1 ) 

Where 𝐫 is the position of a given point on the wake 

filament, 𝐫𝟎 is its initial position and 𝐕(𝐫) is the local 

flow velocity at that point. 𝐫 can be expressed as a 

function of the blade azimuth location (𝜓 ) and the 

wake-age (𝜁); therefore, Eq. 1 can be rewritten as: 

 {

𝑑𝐫

𝑑𝜓
+

𝑑𝐫

𝑑𝜁
=

𝐕(𝐫)

𝛺
𝐫 = 𝐫𝟎     𝑡 = 0

 ( 2 ) 

Eq. 2 needs to be discretized to obtain a numerical 

solution. This study employs a second-order 

predictor-corrector strategy (PC2B), which introduces 

implicit numerical damping and enhances numerical 

stability for discretizing the wake governing equation. 

Eq. 3 can be derived by PC2B. 

𝐫𝑖+1,𝑗+1 =
(2Δ𝜓 − 3Δ𝜁)

2Δ𝜓
𝐫𝑖+1,𝑗 +

(2Δ𝜓 + Δ𝜁)

2Δ𝜓
𝐫𝑖,𝑗

−
Δ𝜁

2Δ𝜓
𝐫𝑖−2,𝑗 − 𝐫𝑖,𝑗+1 +

2Δ𝜁

𝛺

 ( 3 ) 

The induced velocity at a given point can be 

calculated by integrating along the vortex filament 

using the Biot–Savart law Eq. 4. 

 

𝐕(𝐫) =
𝛤

4𝜋
∫

𝑑𝐥 × 𝐫

|𝐫3|

=
𝛤

4𝜋
[𝐥 ⋅ (

𝐑𝟐

|𝐑𝟐|
−

𝐑𝟏

|𝐑𝟏|
)]

𝐥 × 𝐑𝟐

|𝐥 × 𝐑𝟐|2

 ( 4 ) 

For points in close proximity to the vortex filament, the 

use of the Biot–Savart law may result in singularities. 

The semi-empirical Vatistas model Eq. 5 is employed 

to compute the induced velocity under such 

conditions in this study. Additionally, the Squire vortex 

core dissipation model Eq. 6 is adopted to incorporate 

the influence of viscous diffusion. 

 𝐕(𝐫) =
𝛤𝐫

4𝜋(𝑟𝑐
4 + 𝐫4)0.5

 ( 5 ) 

 

𝑟𝑐(𝜁) = √4𝛼𝛿𝑣(
𝜁 + 𝜁0

𝛺
) ( 6 ) 

3.3 Aeroacoustics 

Following Lighthill’s acoustic analogy, and under the 

assumptions of negligible viscous effects on sound 

propagation and absence of mass sources or sinks in 

the flow field, the governing equations(Eqs. 7, 8) for 

inviscid fluid motion without external forces can be 

derived from the Euler equations. 

 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖

= 0 ( 7 ) 

 𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕𝜌𝑢𝑖𝑢𝑗

𝜕𝑥𝑗

= −
𝜕𝑝

𝜕𝑥𝑗

 
( 8 ) 

To incorporate the influence of solid boundaries, the 

continuity and momentum equations are reformulated 

using generalized Heaviside and Dirac delta functions, 

where 𝑓(𝑥, 𝑡) < 0  denotes the interior of a moving 

solid body and 𝑓(𝑥, 𝑡) > 0  corresponds to the 

exterior region. This formulation forms the basis of 

aeroacoustic equations for sound radiation from solid 

surfaces. 

    𝐻(𝑓) = {
1, 𝑓(𝑥, 𝑡) > 0

0, 𝑓(𝑥, 𝑡) < 0
 ( 9 ) 



 
𝛿(𝑓) =

𝜕𝐻(𝑓)

𝜕𝑓
 

( 10 ) 

Applying the impermeability condition on the solid 

surface, the Ffowcs Williams–Hawkings (FW-H) 

equation （Eq. 11) can be derived. 

    

☐
2𝑝′ =

𝜕

𝜕𝑡
[𝜌0𝑣𝑛𝛿(𝑓)] −

𝜕

𝜕𝑥𝑗

[𝑙𝑖𝛿(𝑓)]

+
𝜕2

𝜕𝑥𝑖𝑥𝑗

[𝐻(𝑓)𝑇𝑖𝑗]

 ( 11 ) 

By introducing the free-space Green's function, the 

time-domain integral formulation of the Ffowcs 

Williams–Hawkings (FW-H) equation can be derived, 

commonly known as Farassat’s 1A formulation(Eqs.  

12, 13). 

4𝜋𝑝𝑇
′ (𝑥, 𝑡) = ∫ [

𝜌0𝑣̇𝑛

𝑟(1 − 𝑀𝑟)2
+

𝜌0𝑣𝑛𝑟̂𝑖𝑀̇𝑖

𝑟(1 − 𝑀𝑟)3
]

𝑟𝑒𝑡𝑓=0

𝑑𝑆

+ ∫ [
𝜌0𝑐𝑣𝑛(𝑀𝑟 − 𝑀2)

𝑟2(1 − 𝑀𝑟)3
]

𝑟𝑒𝑡

𝑑𝑆

𝑓=0

 ( 12 ) 

4𝜋𝑝𝐿
′ (𝑥, 𝑡) = ∫ [

𝑝̇𝑐𝑜𝑠𝜃

𝑐𝑟(1 − 𝑀𝑟)2
+

𝑟̂𝑖𝑀̇𝑖𝑝𝑐𝑜𝑠𝜃

𝑐𝑟(1 − 𝑀𝑟)3
]

𝑟𝑒𝑡𝑓=0

𝑑𝑆

+ ∫ [
𝑝(𝑐𝑜𝑠𝜃 − 𝑀𝑖𝑛𝑖)

𝑟2(1 − 𝑀𝑟)2
+

(𝑀𝑟 − 𝑀2)𝑝𝑐𝑜𝑠𝜃

𝑟2(1 − 𝑀𝑟)2
]

𝑟𝑒𝑡

𝑑𝑆

𝑓=0

 ( 13 ) 

Since the Farassat’s 1A formulation avoids 

differentiation of the integral terms, it simplifies the 

numerical procedure and is more amenable to 

computational implementation. Accordingly, it is 

employed in this study for aeroacoustic calculations. 

4. PARAMETERS ANALYSIS 

The rotor of a vectored-thrust eVTOL differs from 

traditional helicopter rotors in that it typically operates 

in an axial flow state and has the capability to change 

both pitch and rotational speed. Consequently, 

principles applicable to fixed-speed rotors may not be 

directly relevant. Therefore, it is essential to consider 

variables such as collective pitch and tip speed to 

evaluate their influence on rotor performance 

parameters. This paper is based on a tiltrotor eVTOL 

configuration equipped with six rotors. Each rotor 

consists of a 1.5-meter-diameter rotor system 

composed of five Advanced Technology Blades (ATB). 

The influence of various parameters on rotor 

performance is investigated. 

4.1 Tip Speed 

The tip speed of the rotor is a critical design 

parameter. The use of electric motors provides a 

broader design space for rotor tip speed, but also 

increases the complexity of the design process. For 

tiltrotor eVTOLs, it is necessary to design variable 

rotational speeds and their corresponding ranges to 

accommodate different flight conditions. Accordingly, 

this study investigates the effect of tip speed on rotor 

performance under the condition of constant thrust. 

 
Figure 1: FM and Power Characteristics of Rotor 
Systems in Helicopter Mode: Variation with Tip 

Speed 

Specifically, the impact of rotor tip speed on figure of 

merit (FM) was evaluated at a fixed collective pitch 

angle. The results show that FM remains relatively 

high at low tip speeds; however, once the tip speed 

exceeds 200 m/s, FM decreases sharply. As shown in 

Fig.1, this degradation is attributed to a rapid increase 

in profile power with increasing tip speed, whereas 

the growth of induced power becomes less significant, 

leading to a decline in FM. 

 
Figure 2: Overall SPL spectra at different rotor tip 

speeds 

Rotor noise is highly sensitive to tip speed. Fig. 2 

presents the sound pressure level (SPL) spectra of 

total noise at various tip speeds, while maintaining 

identical thrust. As the tip speed decreases, the SPL 

decreases across all frequency bands, and the 



dominant noise components shift toward lower 

frequencies. The A-weighted sound pressure level (A-

weighted SPL), which accounts for the frequency-

dependent sensitivity of human hearing, is widely 

adopted as a noise evaluation metric and will be used 

in the subsequent optimization process of this study. 

When the rotor tip speed drops below 170 m/s, the 

noise spectrum becomes concentrated below 600 Hz, 

whereas the A-weighting function assigns greater 

weight to frequencies above 737.9 Hz. Therefore, 

reducing the tip speed below 170 m/s is more 

effective in minimizing A-weighted noise. 

 
Figure 3: Variation of FM and 𝜂 with rotor tip speed 

The variation of rotor FM with tip speed under a 

constant thrust of 4500 N is shown in Fig. 3. For the 

rotor tested in this study, the maximum FM is 

achieved at a tip speed of 148 m/s. In airplane mode, 

when the generated thrust is maintained at 1000 N, 

the propeller efficiency decreases with increasing tip 

speed. This occurs because, while the propulsive 

power remains nearly constant under fixed thrust, 

achieving a higher tip speed requires a greater total 

power input, which ultimately leads to reduced 

propeller efficiency. 

4.2 Collective pitch 

As shown in Fig. 4, in helicopter mode, the FM 

exhibits similar trends across different tip speeds with 

respect to variations in collective pitch. Within the 

range of 10° to 20°, the FM remains above 0.8; 

however, outside this range, it declines rapidly.  

Fig.5 illustrates that in airplane mode, propeller 

efficiency gradually decreases with increasing 

collective pitch. When the increase in collective pitch 

causes the angle of attack to exceed a critical value, 

the propeller efficiency begins to drop sharply, and 

this threshold is reached more easily at higher tip 

speeds. 

 
Figure 4: Variation of FM with collective pitch at 

different rotor tip speeds. 

 
Figure 5:  Variation of 𝜂 with collective pitch at 

different rotor tip speeds. 

As shown in Fig. 6, in helicopter mode, when the rotor 

lift is maintained at a constant 4500 N, the rotor 

achieves maximum FM at a collective pitch of 15°. In 

airplane mode, under a constant thrust of 1000 N, 

propeller efficiency increases as the collective pitch 

decreases. Moreover, when maintaining constant 

thrust, increasing the collective pitch typically results 

in a reduction in tip speed. Considering the combined 

effect of these two factors, the propeller efficiency is 

improved. 

 
Figure 6:  Variation of FM and 𝜂 with collective 

pitch speed. 



In summary, the variation of collective pitch and tip 

speed collectively governs rotor performance. An 

appropriate combination tailored to the specific blade 

geometry should be identified through a 

comprehensive design trade-off. 

4.3 Gust 

When an eVTOL operates at low speeds with reduced 

tip speed, wind can significantly affect its control. A 

simulation was conducted to analyze an eVTOL 

during descent, flying at 30 m/s with the rotor axis 

tilted forward by 30°. Fig. 7 illustrates the impact of 

lateral wind on the effective angle of attack at 75% 

rotor radius (R) across different tip speeds. A 10 m/s 

wind can induce a 1.6° variation in the effective angle 

of attack. Implementing an appropriate twist 

distribution may allow blade segments to adjust lift 

generation in response to wind disturbances, thereby 

maintaining a nearly constant total rotor force. 

Therefore, it is essential to establish a maximum 

thrust fluctuation rate limit during rotor design to 

ensure adequate wind resistance and maintain flight 

stability. 

eVTOLs typically regulate rotor thrust through 

adjustments in blade pitch and rotational speed, 

making rotor acceleration and deceleration 

performance crucial. However, increasing rotor 

solidity elevates the blade's moment of inertia, 

hindering rapid speed changes. A 50% increase in 

rotor solidity leads to a 56% reduction in angular 

acceleration under constant torque conditions. To 

maintain the original angular acceleration, the motor 

must provide 2.25 times the previous torque, 

significantly increasing the load on the electric motor. 

Therefore, the rotor solidity should be constrained to 

enhance the rotor's controllability under varying inflow 

conditions. 

 

Figure 7: Variation of Effective Angle of Attack with 
Wind Velocity(@ 75% R) 

5. Optimal Design Method 

5.1 Optimize parameters and constraints 

This study focuses on the optimization design of 

rotors for a six-rotor vectored-thrust eVTOL 

configuration. Based on the preceding analysis, a 

preliminary selection of key parameters is made. The 

chosen rotor design parameters are summarized in 

Table 1. 

Table 1: Selected Rotor Parameters 

Parameters value 

𝑅𝑡 1.5m 

𝑅ℎ 0.175m 

𝑛𝑢𝑚𝑏 5 

Airfoil 
Distribution 

ATB Airfoil 
Distribution 

In the conventional approach, chord and twist 

distributions are defined by specifying values at each 

blade segment. However, this method significantly 

increases the number of design variables, which not 

only slows down the optimization process but also 

increases the risk of convergence to local optima. To 

reduce the number of parameters, the chord 

distribution is parameterized using a cubic polynomial 

(Eq. 14), while the twist distribution is represented by 

a conic curve with a linear deviation term (Eq. 15), 

following the method in Ref. 6. 

  𝑐𝑛 = 𝑎𝜂𝑛
3 + 𝑏𝜂𝑛

2 + 𝑐𝜂𝑛 + 𝑑 ( 14 ) 

  𝛽𝑛 = 𝛽ℎ(1 − 𝜂𝑛

𝑝𝛽
)

𝑞𝛽
+ 𝛽𝑡𝜂𝑛 + 𝛽0 ( 15 ) 

A cosine spacing function (Eq. 16) is adopted to refine 

the blade segmentation to accurately capture the 

nonlinear spanwise variations of blade circulation and 

loading. This approach enhances the fidelity of 

aerodynamics and aeroacoustics calculations. 

𝜂𝑛 =
𝑅ℎ

𝑅𝑡

+ (1 −
𝑅ℎ

𝑅𝑡

) cos (
𝜋

2
⋅

(𝑁 + 1 − 𝑛)

𝑁
)

, 𝑛 = 1,2, … , 𝑁 + 1

 ( 16 ) 

Following the analysis presented in Section 4, the 

optimization parameters and their variable ranges are 

defined as shown in Table 2. 

Constraints on lift and thrust under both hover and 

forward flight conditions are imposed to ensure that 

the rotor provides sufficient vertical and horizontal 

force. In order to obtain physically reasonable chord 

and twist distributions, corresponding design 

parameters are also constrained. Limits are further 



applied to key performance metrics to prevent the 

optimization from achieving improvements in one 

metric at the expense of others. Additionally, a 

constraint on the thrust fluctuation rate (𝛥𝑇 ∕ 𝑇) under 

a 10 m/s wind is introduced to ensure adequate wind 

resistance capability of the rotor. The final set of 

constraints is summarized in Table 3. 

Table 2: Optimization design variables and their 
ranges 

Parameters 
Bounds 

[lower upper] 

𝑉𝑡ℎ𝑜𝑣/𝑚 ⋅ 𝑠−1 [100,160] 

𝜃ℎ𝑜𝑣/𝑑𝑒𝑔 [5,20] 

𝑉𝑡𝑐𝑟/𝑚 ⋅ 𝑠−1 [60,120] 

𝜃𝑐𝑟/𝑑𝑒𝑔 [15,30] 

a [-0.5,-0.05] 

b [0.01,0.03] 

c [0.01,0.1] 

d [0.1,0.2] 

𝛽ℎ/𝑑𝑒𝑔 [10,30] 

𝛽𝑡/𝑑𝑒𝑔 [-10,0] 

𝛽0/𝑑𝑒𝑔 [0,5] 

𝑝𝛽 [0.25,2] 

𝑞𝛽 [0.25,2] 

Table 3:  Constraints applied in the optimization 

Parameters Constrains Description 

𝑇ℎ𝑜𝑣 = 𝑇ℎ𝑜𝑣
∗  Lift per rotor in 

hover 

𝑇𝑐𝑟 = 𝑇𝑐𝑟
∗  Thrust per rotor 

in forward flight 

𝛥𝑇ℎ𝑜𝑣/𝑇ℎ𝑜𝑣 < 0.1 Constraint on lift 
variation under 

gust 

𝛥𝑇𝑐𝑟/𝑇𝑐𝑟 < 0.1 Constraint on lift 
variation under 

gust 

𝑎 + 𝑏 + 𝑐 + 𝑑 ≥ 0.03 Eliminate 
unreasonable 
distributions 

𝑝𝛽/𝑞𝛽 ≥ 0.5 Eliminate 
unreasonable 
distributions 

𝐹𝑀 ≥ 0.8  

𝜂𝑐𝑟 ≥ 0.85  

𝑘𝑟𝑑 < 0.005  

5.2 Objective Function 

The rotor is required to meet aerodynamic, acoustic, 

and wind resistance capabilities across multiple flight 

modes, leading to a multi-objective optimization 

problem. However, conventional multi-objective 

optimization typically results in a Pareto front, from 

which the final design must still be selected based on 

empirical judgment. To address this, expert 

knowledge is incorporated directly into the 

optimization phase, and a problem-specific objective 

function is formulated to transform the multi-objective 

problem into a single-objective one, thereby reducing 

the complexity of the optimization process. A 

weighted-exponential sum approach is adopted as 

the objective function(Eq. 17). 

    𝑓(𝐱) = ∑ 𝑤𝑖 |
𝑓𝑖(𝐱) − 𝑦𝑖

𝑔𝑜𝑎𝑙

𝑦𝑖
𝑔𝑜𝑎𝑙 |

𝑚

𝑖=1

 ( 17 ) 

To achieve high performance in both helicopter and 

airplane modes, this study integrates the 

performance metrics of both modes into a single 

objective function using a weighted approach. The 

objective function is formulated as follows(Eq. 18): 

𝑓(𝑥) = 𝛼𝑎𝑒𝑟𝑜𝑓𝑎ⅇ𝑟𝑜 + 𝛼𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐𝑓𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐

+(1 − 𝛼𝑎𝑒𝑟𝑜 − 𝛼𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐)𝑓𝑤𝑖𝑛𝑑
 ( 18 ) 

The aerodynamic performance optimization must 

simultaneously address the operational requirements 

of both hover and forward flight conditions. For 

quantitative evaluation, the figure of merit and 

propeller efficiency are employed as the respective 

performance metrics for these two flight regimes. 

Given that higher efficiency values correspond to 

superior aerodynamic performance, the objective 

function for this component is formulated using the 

percentage by which the achieved efficiency exceeds 

the target value, rather than employing absolute 

differences. The mathematical representation of this 

aerodynamic objective function is presented 

below(Eq. 19): 

𝑓𝑎𝑒𝑟𝑜 = 𝛽 (
𝐹𝑀ℎ𝑜𝑣 − 𝐹𝑀∗

𝐹𝑀∗
)

+(1 − 𝛽) (
𝜂𝑐𝑟 − 𝜂∗

𝜂∗
)

 ( 19 ) 

Regarding the aeroacoustic performance 

requirements, the optimization must consider noise 

characteristics under both hover and forward flight 

conditions. Since lower sound pressure levels 

indicate better noise performance, the corresponding 

objective function utilizes the percentage reduction 



below the target A-weighted sound pressure level 

(𝑆𝑃𝐿𝐴) values, again avoiding absolute value metrics. 

The formulation of this acoustic objective function is 

shown as Eq. 20. Reference 8 shows that 𝑆𝑃𝐿𝐴 in 

hover condition is much higher than 𝑆𝑃𝐿𝐴 in forward 

flight conditions. Therefore, a higher noise weighting 

is assigned to the hover condition. 

𝑓𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 𝛾 (
𝑆𝑃𝐿𝐴ℎ𝑜𝑣

∗ − 𝑆𝑃𝐿𝐴ℎ𝑜𝑣

𝑆𝑃𝐿𝐴ℎ𝑜𝑣
∗ )

+(1 − 𝛾) (
𝑆𝑃𝐿𝐴𝑐𝑟

∗ − 𝑆𝑃𝐿𝐴𝑐𝑟

𝑆𝑃𝐿𝐴𝑐𝑟
∗ )

 ( 20 ) 

The wind resistance capability of the rotor must 

account for both the frequency and intensity of gusts. 

In the constraints section, the impact of a 10 m/s wind 

on rotor lift has already been limited. Therefore, the 

objective function focuses solely on the influence of 

gust frequency. The reduced frequency 𝑘𝑔 (Eq. 21)is 

employed to characterize the effect of gust frequency 

on rotor aerodynamics. A high reduced frequency 

indicates the presence of significant unsteady 

aerodynamic forces induced by the gust. 

𝑘𝑔 =
𝜋𝑓𝑔𝑐75

𝑣𝑡𝑖𝑝)75
 ( 21 ) 

The wind-related objective function (Eq. 22) is defined 

as follows: 

𝑓𝑤𝑖𝑛𝑑 =
𝑘𝑔

∗ − 𝑘𝑔

𝑘𝑔
∗

 ( 22 ) 

5.3 Optimal Method 

Genetic algorithms (GAs) present distinct advantages 

despite their relatively longer computation time. As a 

derivative-free optimization method, GAs can handle 

diverse objective functions without requiring auxiliary 

information. The algorithm's inherent parallelism and 

independence from previous iterations enhance 

computational efficiency through parallel 

implementation. Most importantly, the population-

based search mechanism of GAs provides superior 

global exploration capability, significantly reducing the 

probability of becoming trapped in local optima. 

These characteristics make GAs particularly suitable 

for solving complex, multimodal optimization 

problems with multiple design variables. 

 
Figure 8: Flowchart of the optimization process 

To ensure that the rotor generates sufficient lift and 

thrust under both hover and forward flight conditions, 

the tip speed and collective pitch must be adjusted for 

each flight mode once the aerodynamic shape 

parameters are specified. Since different 

combinations of tip speed and collective pitch can 

yield the same target lift, an optimization approach is 

required to identify the combination that maximizes 

overall rotor performance. 

Directly treating tip speed and collective pitch as 

optimization variables in a genetic algorithm 

increases the dimensionality of the problem. 

Moreover, the inherent randomness of mutation and 

crossover in genetic algorithms further elevates the 

computational burden. Noting that blade geometric 

parameters and control variables can be decoupled, 

a two-step optimization framework is adopted, as 

illustrated in Fig. 3. After each new population is 

generated by the genetic algorithm, the optimal 

combination of tip speed and collective pitch for the 

current blade shape is determined based on gradient 

information. The rotor performance under this 

combination is then evaluated and used as the fitness 

value in the subsequent genetic optimization process. 

5.4 Optimal Results 

Two sets of optimizations were performed using the 

proposed method. In the first set, wind resistance 

capability of the rotor was not considered, i.e., the 



weighting coefficients satisfied 𝛼𝑎𝑒𝑟𝑜 + 𝛼𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 1 , 

yielding Result A. In the second set, the ratio between 

𝛼𝑎𝑒𝑟𝑜   and 𝛼𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐  was kept constant, but their 

absolute values were reduced to introduce a wind 

resistance ability term, resulting in Result B. The 

second set shares the same ratio between 𝛼𝑎𝑒𝑟𝑜   

and 𝛼𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 as the first set, but their absolute values 

are reduced to incorporate the wind resistance 

coefficient, resulting in Optimization Result B. 

The results are compared with the chord distribution 

of the ATB, as shown in Fig. 9. The chord length of 

Result A is significantly larger than that of the other 

two cases, indicating that increasing the chord length 

while reducing the tip speed can effectively enhance 

both aerodynamic and acoustic performance. This 

outcome may be attributed to the lower noise 

generated by the adopted chord distribution. Since 

the blade tip has a higher linear velocity, it tends to 

produce more noise. Therefore, in Result B, the chord 

length at the tip is moderately reduced, with 

compensation applied to the mid-span region of the 

blade.  

 
Figure 9: Chord distribution 

The results are compared with the twist distribution of 

the ATB, as shown in Fig. 10. It can be observed that 

the twist distributions of Result A and Result B are 

generally smoother than that of the ATB. This is likely 

because the present optimization method targets 

variable-speed rotors, which can adjust their inflow 

conditions by varying the rotational speed, thereby 

reducing the need for large twist angles. 

 
Figure 10: Twist distribution 

Unlike the ATB, Result A and Result B exhibit 

relatively constant twist angles at the blade tip region. 

This may be attributed to the fact that the 

computational model accounts for tip vortex effects: 

near the blade tip, the vortex induces an upward 

velocity, whereas closer to the inboard section of the 

tip region, a downward induced velocity is generated. 

As a result, the combined effect leads to a nearly 

uniform requirement for twist in this region. 

The figure of merit (FM) for each rotor blade is 

presented in Fig. 11. Within the thrust range of 2500 N 

to 4500 N, both Result A and Result B exhibit higher 

FM values than the ATB, with Result B achieving the 

highest performance. As a result, incorporating wind 

resistance capability into the optimization may have 

indirectly improved the rotor's hover performance as 

well. 

 
Figure 11: FM at different thrust levels. 

 
Figure 12: SPL at different thrust levels. 

The noise levels of each rotor in helicopter mode are 

shown in Fig. 12. Within the thrust range of 2500 N to 

4500 N, Result B generates approximately 3 dB less 

noise compared to the ATB blade, while Result A 

exhibits even lower noise levels. This reduction can 

be attributed to the lower tip speeds of Result A and 

Result B, which are 10 to 15 m/s lower than that of the 

ATB blade when generating equivalent lift and the 

optimal FM. 



Energy consumption is also a critical factor in rotor 

design. Under helicopter mode, the total power 

required by each rotor to generate the same amount 

of lift is shown in Fig. 13. Results A and B exhibit lower 

power requirements, which is consistent with the FM 

results, indicating that the optimized designs achieve 

reduced energy consumption in helicopter mode. 

 
Figure 13: Total Power at different thrust levels. 

 
Figure 14: 𝜂 at different thrust levels. 

 
Figure 15: Total power at different thrust levels. 

In airplane mode, the variation of propeller efficiency 

(𝜂) with thrust is shown in Fig. 14. Propeller efficiency 

of Result A is comparable to that of ATB, while Result 

B exhibits slightly lower 𝜂 . Nevertheless, it still 

maintains a relatively high level of efficiency. 

The total power consumption of the rotors in airplane 

mode is shown in Fig. 15. As illustrated, although 

Result B exhibits slightly lower propeller efficiency, its 

impact on the overall power consumption is negligible. 

The sound pressure level (SPL) in airplane mode is 

shown in Fig. 16. As thrust exceeds 1000 N, Result A 

exhibits lower noise levels. In contrast, Result B 

shows higher SPLs compared to the other two 

designs. At 500 N thrust, its SPL is approximately 

2 dB higher, and the noise increase reaches up to 

6.5 dB as thrust rises to 2000 N. However, since 

cruise flight occurs at higher altitudes and the overall 

noise level is relatively low, this increase in SPL 

remains within an acceptable range. 

 
Figure 16: SPL at different thrust levels. 

The thrust fluctuation rate (𝛥𝑇 ∕ 𝑇 ) under a 10 m/s 

wind in airplane mode is shown in Fig. 17. During the 

cruise phase at 500 N thrust, Result B exhibits a lower 

thrust fluctuation rate compared to the other two 

rotors, indicating superior wind resistance capability. 

As thrust increases, the fluctuation rate of the ATB 

rotor decreases sharply and, at certain thrust levels, 

becomes lower than that of Result B. However, the 

ATB rotor also shows larger variations in fluctuation 

rate. Since the increasing thrust phase typically 

corresponds to accelerated climb, such fluctuations 

may impose additional control burdens on the aircraft. 

From Result A, without considering wind resistance 

capability, it is evident that increasing solidity and 

reducing tip speed can enhance rotor performance. 

Compared to the ATB, Result A improves FM by 1.7%, 

reduces SPL in hover by approximately 4 dB, and 

maintains nearly the same propeller efficiency (𝜂 ). 

Additionally, it achieves a 0–2 dB SPL reduction 



during forward flight. 

 
Figure 17: Thrust fluctuation rate at different thrust 

levels. 

Result B demonstrates that introducing a wind 

resistance coefficient effectively improves rotor thrust 

stability under gust conditions. The thrust fluctuation 

rate is reduced by 21.8% compared to the ATB, and 

the rate remains smoother across varying thrust 

levels. A lower gust reduced frequency ( 𝑘𝑔 ) also 

indicates better resistance to unsteady aerodynamic 

loads. 

Specifically, Result B increases FM by approximately 

2.7% and reduces hover SPL by about 3 dB 

compared to the ATB. Although 𝜂  is reduced by 

roughly 0.5%, the change in total power consumption 

is negligible. During the cruise, the SPL is 2–4 dB 

higher than that of the ATB. During the cruise phase, 

the SPL is relatively low, and the aircraft remains at a 

considerable distance from the ground while passing 

quickly over fixed locations. As a result, the 

incremental noise remains within an acceptable 

range. 

6. CONCLUSION 

This study employs a comprehensive analysis code 

to investigate the effects of various parameters on the 

performance of variable-speed rotors. Based on 

these results, the ranges and constraints for the 

optimization variables are defined. To improve 

computational efficiency, the proposed optimization 

method decouples blade geometry parameters from 

tip speed. In response to the typical wind resistance 

capability of eVTOLs, a wind resistance coefficient is 

incorporated into the objective function. Two 

optimization rounds were conducted: Result A 

corresponds to the case without wind resistance 

capability considerations, while Result B includes 

wind resistance as part of the optimization objective. 

The following conclusions can be drawn: 

1. Variable-speed rotors can maintain optimal figure 

of merit (FM) across a wide thrust range by 

adjusting tip speed and collective pitch, offering 

greater design flexibility. 

2. Both Result A and Result B exhibit smaller 

variations in twist angle compared to the ATB. 

This is likely because variable-speed rotors can 

coordinate changes in rotational speed and 

collective pitch to trim lift, thereby reducing the 

need for large twist to accommodate variations in 

inflow speed and direction. 

3. Enhancing wind resistance also indirectly 

improves the rotor's aerodynamic performance in 

hover. However, this comes at the expense of 

noise and cruise performance. Result B thus 

suggests that sacrificing some cruise noise 

performance in exchange for enhanced wind 

resistance is a viable design trade-off. 

4. This optimization method ensures constant thrust 

and nearly unchanged total power, making it 

applicable to scenarios where external 

constraints, such as motor characteristics, 

remain fixed. 
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