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Abstract

This study presents a good-fidelity flight dynamics model for a quadrotor eVTOL aircraft, with a particular focus
on the effects of multirotor aecrodynamic interference on vehicle stability and handling qualities. A dynamic vortex
tube model, enhanced to account for aircraft angular motions, is developed and integrated with dynamic inflow theory
to compute rotor-induced and interference velocities efficiently. The model is validated against wind tunnel data and
benchmark trim results, demonstrating strong predictive accuracy. Incorporating this interference model into a 6-DoF
flight dynamics framework reveals that multirotor wake interference significantly modify both static and dynamic
stability characteristics, especially in low-to-medium speed regimes. Moreover, aerodynamic interference degrades
incidence stability, reduces pitch and heave damping, and adversely affects phugoid behavior. In the lateral-directional
axes, it destabilizes the spiral mode and introduces non-monotonic variations in Dutch roll stability. Handling qualities
analysis using ADS-33E-PRF metrics shows that interference reduces pitch bandwidth from Level 1 to Level 2 and
marginally deteriorates pitch and roll dynamic stability, while improving pitch-axis quickness. These findings
demonstrate that multirotor aerodynamic interference is not merely a performance issue but a critical factor influencing
flight control design and certification. The proposed modeling approach offers a computationally efficient yet
physically grounded method for assessing multirotor eVTOL handling qualities across the full flight envelope.
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Multirotor electric Vertical Take-Off and Landing (eVTOL) aircraft have undergone rapid advancement in recent
years, driven by their key advantages such as low environmental impact and highly flexible operational capabilities.
These attributes make them strong candidates as foundational elements of future Urban Air Mobility (UAM) systems
[1, 2]. Nonetheless, the presence of significant aerodynamic interference among rotors—varying markedly across the
flight envelope—presents a persistent challenge. Such interference not only compromises overall aerodynamic
efficiency but can also induce severe handling quality (HQ) degradations, occasionally escalating to hazardous flight
conditions [3]. As a result, the accurate and efficient evaluation of multirotor interference effects on eVTOL HQs has
become a pressing issue in aircraft design and certification [4, 5].

Consequently, the rotorcraft research community has progressively developed a diverse suite of methods and
modeling tools aimed at understanding and mitigating aerodynamic interference in multirotor configurations [6-8].
Among the various analytical approaches, Computational Fluid Dynamics (CFD) has emerged as an indispensable
tool for studying these complex interactions. Qi et al. [9] developed an efficient CFD-based trim model for coaxial
rotors, enabling detailed examination of interference effects on rotorcraft performance. Lakshminarayan et al. [10]
investigated coaxial rotor interactions and demonstrated that the upper rotor exhibited significantly greater wake
contraction and descent velocity than the lower rotor. Ye et al. [11] employed a multi-layer moving nested grid
approach to explore aerodynamic interference between a tiltrotor and its supporting wing in hover, revealing that such
interference, compared to the isolated rotor case, generally resulted in increased rotor torques and significant thrust
loss at the blade tip regions. Similar investigations into quadrotor configurations [12, 13] found that while interference
was negligible during hover in the calm condition, it became pronounced during forward flight. In particular, upstream
rotors significantly disrupted the performance of downstream rotors, resulting in a 19% lift reduction and a nose-up
pitching moment increase of up to 54%. Stoll and Miki [14] developed a simplified transition aerodynamics model
for Joby Aviation's electric tilt-propeller VTOL aircraft by integrating CFD-based propeller surrogate models with
semi-empirical airframe and interactional aerodynamics models, validated against both computational and flight test
data. This model was then used to analyze transition loads and power requirements under various control strategies.
These results highlight the critical importance of accounting for aerodynamic interference when evaluating the HQs
of multirotor aircraft.

In addition to CFD, vortex-based methods—well established for rotor wake modeling—have also been widely

employed to study interference effects. Bagai and Leishman [15] validated a free vortex wake method by comparing



simulated results for tandem, coaxial, and tiltrotor configurations against wind tunnel data. Building on this, Lee et al.
[16] and Alvarez et al. [17] applied the free vortex and viscous vortex particle methods, respectively, to examine
aerodynamic interactions in quadrotor systems. Using a vorticity transport model, Brown [18] accurately captured the
main rotor wake dynamics, demonstrating how crosswind-induced wake interactions reduce tail rotor thrust [19].

Despite their accuracy, both CFD and high-fidelity vortex methods remain computationally intensive, limiting
their practicality for HQs analysis and iterative design studies. To address this, researchers have explored simplified
vortex-based approaches tailored for flight dynamics applications. Usov et al. [20] applied the Beddoes generalized
wake model in conjunction with dynamic inflow theory to estimate rotor—rotor interference, achieving prediction
accuracy within 5% of free wake models while reducing computational cost by two orders of magnitude. Luo et al.
[21] introduced a lifting-line based method to model rotor wake systems for fast interference analysis in quadrotors
during forward flight, validating their approach through comparison with CFD results. Han et al. [22] further derived
an explicit expression for the induced velocity at any spatial point using an equivalent lifting-line model for multiple
rotors. Similarly, Divaker [23] developed a multirotor interference model based on a multi-segment horseshoe vortex
lifting-line approach, validated against experimental wind tunnel data. However, it is important to note that such
models—particularly the generalized wake and equivalent lifting-line approaches—are generally valid only for
advance ratios exceeding 0.1. To extend applicability, Guner and Prasad [24] proposed an inflow model for multirotor
systems combining momentum theory and a simplified vortex formulation (CMTSVT). While this method
demonstrates good fidelity across a range of steady flight conditions, its inability to handle transient effects limits its
utility in dynamic stability assessments.

Another solution is to develop empirical or semi-empirical models based on wind tunnel test data or high-fidelity
numerical simulation results. Ruddell et al. [25, 26] derived empirical coefficients from wind tunnel and flight tests
for flight dynamics modeling of coaxial rigid rotors. Rand et al. [27, 28] linearized the rotor free wake model by
applying periodic rotor load excitations, forming a linear dynamic model for coaxial rotor induced velocities. Park et
al. [29] augmented the dynamic inflow model by incorporating inflow interference factors identified through the
vortex ring wake model [30], enabling fast simulation of multirotor aerodynamic interference effects for flight
dynamics modeling. However, this model was only applicable in scenarios where there is no overlap between the
rotors. Agarwal et al. [31] proposes an augmented rotor inflow model to capture rotor wake distortions in hover and

low-speed flight. Prasad et al. [32, 33] developed an augmented finite-state inflow model based on the superposition



theory of pressure or velocity potential functions to address multirotor aecrodynamic interference. The applicability
and accuracy of these empirical or semi-empirical models heavily depend on parameter corrections derived from
baseline models or wind tunnel test data [34-36]. Their accuracy significantly degrades when applied beyond the
conditions for which the parameters were originally defined.

Although numerous multirotor interference models have been developed, most focus on applications related to
aerodynamic performance and trim characteristics [21, 37], yet little attention has been given to its influence on flight
dynamic modeling and HQs [38-40]. In particular, existing models often treat interference effects as static or quasi-
steady phenomena, neglecting the dynamic interactions between rotor wakes and aircraft motions—especially under
non-hovering conditions. This limitation hampers the ability to predict and analyze the stability and HQs of multirotor
eVTOLs in realistic operational scenarios. To address this gap, this study extends Guner and Prasad’s CMTSVT model
by incorporating a dynamic vortex tube to account for the influence of aircraft angular rates on rotor wake vortices,
enabling its application to stability analysis. On this foundation, a flight dynamics model for a quadrotor eVTOL that
accounts for multirotor aerodynamic interference is developed, and the effects of such interference on the HQs of a
quadrotor eVTOL are examined.

This paper is organized as follows: Section 1 provides a review of the state-of-the-art research on multirotor
interference. Section 2 introduces the multirotor inflow model extended with dynamic vortex tubes. Section 3 presents
the flight dynamics model incorporating multirotor interference effects. Section 4 validates both the multirotor
interference model and the flight dynamics model. Section 5 systematically analyzes the impact of aecrodynamic

interference on the HQs of multirotor eVTOL aircraft. Finally, discussion and conclusions are provided.

I1. Enhanced multirotor induced velocity model incorporating dynamic vortex tubes

A. Dynamical rotor vortex tube

Building upon classical vortex theory, the rotor system is modeled by assuming an infinite number of blades, with
the aerodynamic load distribution across the rotor disk conforming to the Glauert rotor model [41]. Under these
conditions, tip vortices shed from the blades propagate downstream indefinitely, driven by the combined effects of
the free-stream velocity and rotor-induced velocities. By neglecting both the radial contraction of the vortex wake and
the feedback effects from axial velocity components, we establish the proposed vortex-tube wake model, as illustrated

in Figure 1.
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Figure 1 Schematic of rotor vortex tube wake model in rotor shaft axes.

The rotor wake skew angle y and sideslip angle S, can be mathematically expressed through the following

relationships,
-1 H
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where A is the total inflow ratio of the rotor disk plane, 4, and x, denote longitudinal and lateral components of
the advance ratio u along the rotor shaft axes, respectively.
The rotor wake skew angle components y, and y, are obtained by projecting the wake skew angle onto the x, z,

-plane and y,z, -plane, respectively. These components can be expressed as,
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By substituting Eq. (2) into Eq. (1) and simplifying, it is gotten that,

x= tan~' y/tan’ Xt tan’ V2

B, =tan™' fanz, ¥
" tan y,

It is important to note that the aforementioned relationships for rotor wake skew angles do not account for the

effects of aircraft angular motions. These angular motions cause the rotor wake to curve during flight. To incorporate



the dynamic effects of the rotor wake, consider the pitch rate as an example. As illustrated in Figure 2, the pitch rate

induces curvature in the rotor wake, causing the rotor vortex tube to bend rather than remain straight.

--------------- Multirotor vortex tubes in steady level flight
— — — Multirotor vortex tubes with pitch rate
— Equivalent vortex tubes with pitch rate

q D
7 Front I i Rear
\ rotor _ .. : '\ rotor

Figure 2 Effect of pitch rate on rotor wake skew angle.

This curved vortex tube can be modeled using an equivalent straight vortex tube, incorporating an additional rotor
wake skew angle to account for the effects absent in scenarios without angular motions. This extra rotor wake skew

angle Ay, can be expressed as,

D
Ay, =k,—q, 4
X1 IVT% 4

where D is the distance between the front and rear rotors, g, is the pitch rate in the shaft axes, V; is the total flow
velocity through the rotor disk, and 4, is the time scale factor.

Similarly, when considering the roll rate of the aircraft, the additional rotor wake skew angle Ay, is,

D
Ay, =k, V—Ps Q)

T
where p, is the roll rate and %, is the time scale factor.

Taking into account the additional rotor wake skew angles induced by aircraft angular motions, the effective wake

angle and sideslip angle can be expressed as follows,

7' =tan™ \/tan2(;(1 +Ay,)+tan’(y, +Ay,)
B =tan”! tan(y, +Ay,) (6)
v tan(y, +Ay,)



Based on the dynamic straight rotor vortex tube model, the induced velocity at any spatial location P (x, ¥, z) can

be calculated using the Biot-Savart law [42] as follows,
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where u,v,w are the normalized induced velocity components, i is the azimuth angle in the rotor plane, X,y and z

are the normalized coordinates of point P, and R, is

R =R+
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7/(1//) is the vortex strength distribution along the azimuth angle,
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The mean and harmonic components of the
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inflow velocity of the rotor disk.
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vortex strength can be determined based on their relationship with the

itch moment, as described by the following equations [43],
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d pitch moment coefficients, respectively, and I7T is the normalized

To resolve the singularities encountered in Eq. (7) during the calculation of interference velocity for points in

proximity to the vortex tube wall, a first-order

velocity computation,

Vatistas vortex core model [44] is utilized to reformulate the induced
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where O is the non-dimensional vortex core radius.



Consequently, a dynamic rotor vortex tube model is developed to accurately characterize multirotor interference
effects.
B. Multirotor induced velocity model

Utilizing the dynamic rotor vortex tube model, the aecrodynamic interference velocity between any pair of rotors

can be quantitatively determined. As illustrated in Figure 3, consider a system comprising two rotors, denoted as R,
and R; . The center of the R; is located at coordinates (%4> V4i» 2 ) Within the body coordinate system, characterized

by the lateral tilt angle ¢, and the longitudinal tilt angle 6, relative to the fuselage. The shaft coordinate system

0, — X VZy 1s defined such that the x;y,; -plane is vertical to the rotor shaft axis, where the x; -axis is oriented

rearward (positive direction), the z;- axis is directed upward (positive direction), and the y-axis is determined by

the right-hand rule. The wind coordinate system can be obtained by rotating the rotor shaft coordinate system through

the sideslip angle 3, , such that its x,, -axis aligns with the freestream velocity direction. Following the same

methodology, the shaft coordinate system and the wind coordinate system for R; can be analogously defined.

Figure 3 Schematic of rotor/rotor aerodynamic interference.

Assume that the radial distance from an arbitrary point Q on the shaft plane of R; to center is r, and the azimuth

angle is y . Based on the relative geometric relationship between R; and R;, the coordinates of the point Q in the

wind coordinate system of R; can be expressed as,
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where Tfl’ is the coordinate transformation matrix from the shaft coordinate system of R; to the aircraft body

coordinate system,
—cos g, 0 sin ¢,
T) =| singsin@, cosg sing cosb, (11)
—cos¢ sinf, sing, —cosg, cosb,
T, lf’ is the coordinate transformation matrix from the aircraft body coordinate system to the shaft coordinate system
of R, equal to the transpose of Tsj’ ,and TS;” is the coordinate transformation matrix from the shaft coordinate system

of R; to the wind coordinate system,

cosf,; sinf, 0
w _| _«
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Given the coordinates, the interference velocity at point O due to the vortex system of R; can be calculated and
expressed as ug,;,Vy,,; and wy, . By transforming these velocity components into the shaft coordinate system of R,

The induced velocity at point O on R; dueto R; is,
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_ qsigpbopsj
Vi |=T, TyT; | vo,, (13)
Wi Wowj

where T‘fj is the coordinate transformation matrix from the wind coordinate system of R; to the shaft coordinate
system, Tsf is the coordinate transformation matrix from the shaft coordinate system of R; to the aircraft body

coordinate system, and T};‘j is the coordinate transformation matrix from the aircraft body coordinate system to the
shaft coordinate system of R, .

By integrating the induced velocity from rotor to rotor, along the radial and azimuthal directions, the aerodynamic

interference velocity components of R; acting on R; can be obtained as follows,
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where Q denotes the rotor speed, R represents the rotor radius, /15"’\ is the mean value of the normalized vertical
interference velocity, 2,,1; and ﬂ,llc’ are the first-order harmonic components of the normalized vertical interference

velocity, while ,ui”‘ and ,u;‘“ correspond to the normalized longitudinal and lateral interference velocity components,

respectively.
A first-order delay is introduced to capture the dynamic effects of aerodynamic interference between the rotors,
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B] [ [
DARPARP
o) it |+ 4L = 4 a6)
||| e
-1 1 1
LA | M A" |

where 7, = D/V is the time constant.

The dynamic inflow model [45] is utilized to determine the self-induced velocity for each individual rotor, with

its dynamic characteristics captured by the following governing equation,

Vv c,
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in which the superscript S represents self-induced velocity components, and the associated matrices 7 and L can be

expressed as,
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where 7,, is the mass flow parameter.

Finally, the total induced velocity for each rotor in the multirotor system can be obtained through the superposition

of the interference velocity derived from Eq. (16) and the self-induced velocity calculated from Eq. (17),

ho =2+
Aoy = Ay + A (20)
Ao = A+ A

I11. Flight dynamics model

NASA’s quadrotor configuration [37], specifically optimized for single-passenger transport, serves as the baseline
for a detailed investigation into aerodynamic performance, stability characteristics, and HQs. The conceptual layout
of the design, including the spatial arrangement of critical components, is presented in Figure 4. The vehicle employs
an electric propulsion system designed to carry a 113 kg payload over an operational range of 92.6 km. To meet the
unique requirements of UAM operations, the flight dynamics model integrates rotor flapping dynamics with a
comprehensive collective pitch control strategy. The control system generates roll motion through differential
collective pitch between the left-side rotor group (Rotors 2 and 3) and right-side rotor group (Rotors 1 and 4), while
pitch control is achieved via differential collective pitch between the front rotor pair (Rotors 1 and 2) and rear rotor
pair (Rotors 3 and 4). Yaw control is implemented through differential collective pitch across diagonal rotor pairs,

completing this triaxial control strategy that provides full attitude authority while maintaining mechanical simplicity.



The inclusion of rotor flapping effects ensures accurate modeling of rotor dynamics during complex UAM flight
maneuvers.

Rotor 4 Rotor 3

——-&\"') Qy Q3 Q“/

Rotor 1

g 50,

Rotor 2

Figure 4 Single-passenger quadrotor aircraft [37].

Building upon the established multirotor induced velocity model, the blade element method is utilized for rotor
aerodynamic calculations [46, 47], while rotor flapping motion is determined through the moment equilibrium
equation at the flapping hinge [48]. Fuselage aerodynamics are characterized using simplified aerodynamic
coefficients following the approach described in Ref. [38], with rotor interference effects on the airframe considered
negligible. The motor response time constant for this quadrotor is approximately 0.24 s [49]. The complete flight
dynamics model incorporates rigid body 6-degree-of-freedom (DoF) equations of motion, employing a total of 60
state variables to capture the nonlinear dynamic behavior encompassing rigid body motion, rotor flapping dynamics,
and multirotor induced velocity effects. Referring to the derivations in Refs. [50-53], the comprehensive nonlinear
system is represented by the following full-state equations,

x = f(x,u) 21
where x represents the state vector of the system,

T

o 06 v p qr uv wx y z
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in which ¢,0,y represent the Euler angles (roll, pitch, and yaw, respectively); p,q,r denote the angular rates in the

body frame; u,v,w correspond to the body-axis translational velocity components; x,y,z denote the displacement

components in the inertial frame; a;,q,;,b; and a,;,q,;,b;; are the flap angles and flap angular rates of R;, while

Z&,ﬂqf,,i,&i,i and Zé,i,ﬂfc,i,ﬂé,i represent its self-induced velocity and mutual interference velocity components,

respectively.

u represents the control input vector,
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T
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p

in which J,, represents collective pitch control input, J,, represents lateral control input, o;, represents

longitudinal control input, and ., represents yaw control input.

IV. Validation

This section first validates the implemented induced velocity model, followed by the verification of the flight
dynamics model.
A. Multirotor induced velocity model validation

The multirotor-induced velocity model is validated against wind tunnel test data from a tandem rotor configuration,
with a focus on quantifying the aecrodynamic interference effects between the front and rear rotors. In the experiments,
the thrust coefficients of both rotors were maintained at a constant value of 0.0034, while the required power was
measured to evaluate rotor-rotor interference effects [54]. Additional validation parameters are detailed in Table 1.
The total induced velocity was computed using the multirotor-induced velocity model, and the required power—

comprising induced power, profile drag power, and parasitic drag power [55]—was calculated as follows,
oC 1 5 f
Cp = KkCplyg +—L(1+4.65047 ) +— 1 = 24
P o 3 ( H ) 2 H 1 (24)
where x is the induced power correction factor, o is the rotor solidity, C, is the drag coefficient of the rotor blade

airfoil, and f is the equivalent flat plane drag area.

Table 1 Primary rotor parameters for validation against wind tunnel test data in Ref. [54]

Parameter Value  Parameter Value
Rotor radius (m) 2.286  Tip speed (m/s) 152.4
Longitudinal spacing of rotors (m) 2.06 R Vertical spacing of rotors (m ) 0

Induced power correction factor 1.200 Rotor solidity 0.054
Equivalent flat plane drag area (m*)  0.186 Airfoil drag coefficient 0.010

Figure 5 presents a comparison of the level-flight performance of the front and rear rotors, as predicted by the

proposed tandem rotor-induced velocity model, against corresponding wind tunnel measurements. To further elucidate



the effects of multirotor aerodynamic interference on inflow velocities, the figure also includes single-rotor results,

representing a non-interfering baseline condition.
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Figure 5 Comparison of required power coefficients with flight speed for tandem rotor configuration.

From Figure 5, it can be observed that the results from the present model are generally well aligned with the wind
tunnel test data and follow the typical rotorcraft power trend, while the test data from Ref. [54] do not adhere to this
trend at the highest speed. Additionally, compared to the single rotor without interference, the front rotor is almost
unaffected by interference, while the required power of the rear rotor increases significantly, indicating a more severe
interference effect on the rear rotor.

An additional validation was performed using tandem rotor wind tunnel test data from Ref. [56]. In this
experimental setup, both front and rear rotors maintained the same collective pitch angle as the baseline single rotor
configuration. The thrust and torque of the rear rotor were systematically recorded across all test conditions to evaluate
system performance. The total induced velocity was calculated using the multirotor inflow velocity model
incorporating the measured thrust coefficients. The required power for the rear rotor was then computed using Eq.(24),
with the results compared against experimental data for validation. Table 2 summarizes the key parameters of the
tandem rotor configuration used in these calculations. For this configuration, the rotor blade airfoil drag coefficient is

expressed as,
C, =38, +6,a” (25)
where J, and o, represent the zero-lift drag coefficient and the induced drag factor of the airfoil, respectively, and

a is the equivalent angle of attack, as defined by [24],



where «,, is the lift curve slope of the airfoil.

Table 2 Primary rotor parameters for validation against wind tunnel test data in Ref. [56]

Parameter Value Parameter Value
Rotor radius (m) 1.020 Tip speed (m/s) 128.18
Longitudinal spacing of rotors (m) 1.8 R Vertical spacing of rotors (m) 0.2R
Induced power correction factor 1.200 Rotor solidity 0.037
Airfoil’s lift curve slope (rad™) 5.730 Airfoil zero-lift drag coefficient 0.008
Airfoil’s induced drag factor 0.400 Equivalent flat plane drag area 0

(26)

Figure 6 compares the power - thrust coefficient characteristics of the rear rotor, as predicted by the present model,

with wind tunnel data across a range of advance ratios. The figure also includes computational results and experimental

measurements for an isolated single-rotor configuration, in which aerodynamic interference effects are absent. As

evident from the figure, the front rotor’s wake exerts a pronounced influence on the rear rotor’s performance, notably

reducing thrust output and increasing power consumption under identical collective pitch settings. These interference

effects become more pronounced with increasing thrust coefficients. The proposed model shows strong agreement

with wind tunnel results for both the isolated single-rotor and rear-rotor configurations, with prediction errors

remaining within 15% across all test conditions. In the single-rotor case, the primary source of difference arises from

the model’s neglect of advance ratio influences on the induced power correction factor. For the rear rotor, the dominant

difference is associated with the use of front rotor thrust coefficients derived from isolated rotor test data, which

inherently neglects reverse interference effects from the rear rotor. This modelling simplification limits the accuracy

of interference quantification between the two rotors.
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Figure 6 Comparison of required power coefficients with thrust coefficients for tandem rotor configuration.
B. Flight dynamics model verification
The flight dynamics model is verified through comparison of trim results for the quadrotor aircraft across the full
speed envelope (0 - 70 m/s) against benchmark data from Johnson and Silva [37]. Table 3 summarizes the key design
parameters of the quadrotor configuration used in this analysis [49, 57], which features a staggered rotor arrangement
with the rear rotors positioned vertically higher than the front rotors, as shown in Figure 4.

Table 3 Key design parameters of quadrotor configuration

Parameter Value  Parameter Value

Design gross weight (kg ) 600.92  CG coordinates (m ) (0.1208, 0, 0.2743)
Rotor mass static moment ( kg - m? ) 4.8605  Rotor radius (m) 1.9812

Rotor moment of inertia ( kg-m?) 6.3210  Tip speed (m/s) 137.16

Rotor solidity 0.0650  Blade twist (°) -12

Moment of inertia about x-axis (kg- m?) 1056.8  Lateral spacing of rotors (m ) 27R

Moment of inertia about y-axis (kg - m? ) 1153.6  Longitudinal spacing of rotors (m) 2.7 R

Moment of inertia about z-axis (kg -m? ) 1359.8  Vertical spacing of rotors (m) 0.35R




Figure 7 presents a comparative analysis of front and rear rotor thrust variations with forward flight speed between
the proposed flight dynamics model and reference data from Ref. [37]. The results indicate that as forward speed
increases, the front rotor thrust decreases while the rear rotor thrust increases. At low speeds, the front rotor produces
higher thrust to counteract the nose-down pitching moment induced by the vehicle’s forward-located center of gravity
(CG), thereby maintaining longitudinal trim. As flight speed increases, the fuselage’s aerodynamic surfaces produce
progressively larger stabilizing nose-up moments, thereby reducing the required contribution from the front rotors.
Concurrently, the rear rotor thrust must increase to maintain overall moment balance. The model’s predicted thrust
variations show excellent agreement with the reference data across the entire speed range, validating its ability to

accurately characterize the rotor thrust distribution under varying flight conditions.
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Figure 7 Comparison of front and rear rotor thrust variations with flight speed.

Figure 8 presents a comparative analysis of the power requirements for the front and rear rotors, with and without
consideration of multirotor aerodynamic interference. The model predictions that account for interference effects
exhibit strong agreement with the reference data, with a maximum deviation of only 8.03%. This close correspondence
not only validates the fidelity of the flight dynamics model but also confirms its capability to accurately capture
aerodynamic interactions between rotors during flight. Relative to the non-interference case, the inclusion of
aerodynamic coupling introduces distinct power redistribution: the front rotor shows a modest reduction in power
demand, while the rear rotor requires significantly more power. This shift is attributed to the downstream convection
of the front rotor’s vortex wake, which increases the inflow velocity at the rear rotor and, in turn, its power
consumption. Concurrently, the rear rotor’s induced flow alters the wake trajectory of the front rotor, drawing it further

downstream and thereby reducing the front rotor’s inflow and associated power requirement.
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Figure 8 Comparison of power requirements for front and rear rotors with flight speed.

The lateral symmetry of the eVTOL configuration necessitates zero lateral/yaw control inputs and neutral attitudes
in trimmed flight. Thus, only longitudinal dynamics are presented to characterize multirotor interference effects.
Figure 9 compares the pitch attitude, collective pitch, and longitudinal control inputs required for trimmed flight, with
and without accounting for multirotor aerodynamic interference. The results indicate that the vehicle adopts an
increasingly nose-down pitch attitude as forward flight speed increases. This behavior stems from the quadratic growth

of fuselage drag with airspeed, which necessitates a greater nose-down orientation to generate sufficient horizontal

force from the rotor system to counteract the drag force. Notably, the pitch angle decreases to as much as -14° at
maximum forward speed, in agreement with the prediction in Ref. [58], a result primarily stemming from the intrinsic
limitations of the quadrotor configuration. The inclusion of multirotor aerodynamic interference has a negligible effect
on the pitch angle trend. This is primarily because the current model does not incorporate aecrodynamic interactions
between the rotors and the fuselage, limiting its sensitivity to such interference in pitch dynamics.

The collective pitch control follows a characteristic “bucket curve” with flight speed, reaching a minimum at the
speed where induced and parasitic power components balance. Multirotor acrodynamic interactions introduce a slight
elevation in collective requirements at transitional speeds (20 - 40 m/s), as rear rotors experience greater induced
velocities due to wake ingestion from forward rotors. In contrast, the interference has more pronounced effects on
longitudinal control: the front rotors experience reduced inflow velocity as their wake is displaced by the rear rotors’

induced flow, while the rear rotors encounter increased inflow velocity as they ingest the front rotors’ wakes.
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Figure 9 Comparison of pitch attitude, collective pitch, and longitudinal control inputs for trimmed flight.

V. Effects of multirotor interference on the handling qualities of eVTOL

A. Stability analysis

To better understand the influence of multirotor aerodynamic interactions on flight dynamics, this Section
examines their effects on both stability derivatives and HQs across a range of forward flight speeds. A linearized
model is used to evaluate how interference between rotor wakes modifies key aerodynamic characteristics, particularly
in low- to moderate-speed regimes. The analysis explores changes in static and dynamic stability modes, root locus
behavior, and control responsiveness, with a focus on identifying performance implications relevant to ADS-33E-PRF
HQs criteria [59]. This investigation provides a foundation for assessing the broader stability and control challenges
posed by multirotor configurations in advanced eVTOL designs.
1. Static stability

Figure 10 and Figure 14 illustrate how aerodynamic interference among rotors in a quadrotor configuration affects
key static stability derivatives as a function of forward flight speed. Each subplot compares the behavior of a given
derivative with and without multirotor aerodynamic interference, shedding light on how wake interactions impact

vehicle stability [60].



w/o Interference = = =w/ Interference

0.1 i i i . . . 0.15
\ ’
\ 0Lt ’ AN
El \ 5 /4 ~
< 005 \ 1 Goos |y, SO
= . _ = , ~— . ___
((l) S =z - =T (b) 0 N/
0 -0.05 !
107
0 15 X
| 10
'/ —_—
5-0.05 P 5
S - =
(c) (d) o
0.1 ! ! ! ! ! | 5 { { ! ! ! |
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
V (m/s) V (m/s)

Figure 10 Comparison of static derivatives with flight speed: (a) speed stability derivative ( 1/ . ) (b) incidence
stability derivative (14, ), (¢) dihedral derivative (L, ), and (d) weathercock derivative (N, ).

Figure 10 (@) and (c) illustrate that multirotor aerodynamic interference has a pronounced effect on both A/ , and

ZV at low flight speeds. The qualitative trends of these derivatives align well with those observed in conventional

rotorcraft such as the Lynx and Puma, as documented by Padfield [4], where the rotor-induced moments remain
relatively constant while fuselage contributions vary significantly with forward speed. In the case of the present
quadrotor configuration—Ilacking a horizontal tail surface, as shown in Figure 4—the equivalent stabilizing influence

originates from the front rotor system. The sharp variation in M, below 20 m/s is attributed to the rearward tilting of

the front rotor wakes with increasing velocity, which intensifies downwash on the rear rotors and produces a stronger
nose-up pitching moment. This behavior is analogous to the increased pitch moment experienced by conventional
helicopters due to main rotor downwash loading the horizontal stabilizer (Padfield [4], Chapter 4). As the vehicle’s
longitudinal increases, the upstream rotor wakes are further deflected downstream, as depicted in Figure 11. This wake
deflection enhances interference on downstream rotors, thereby amplifying pitch moment. Consequently, multirotor
interference strengthens longitudinal speed stability in low-speed regimes. However, as forward speed increases, rotor
wakes align more consistently with the freestream, reducing wake overlap and aerodynamic coupling. The resulting
attenuation in interference effects causes the derivatives to converge with those of the non-interference case at higher

speeds.
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Figure 11 Impact of longitudinal velocity perturbation on pitch moment.

A similar explanation can be provided for L, in Figure 10 (c) which describes how roll moment responds to
sideslip velocity. With interference, l_,v is significantly more negative at low speeds, reflecting an enhanced dihedral

effect. In a quadrotor, this results from asymmetric wake deflection during lateral motion: the upstream rotor wake
interferes more with the downstream rotor, increasing rolling moments that oppose sideslip. Padfield highlights a
similar mechanism for helicopters, where tail rotor or side-force generator interactions yield dihedral-like
contributions in lateral flight.

Figure 10 (b) highlights a notable reversal in the incidence stability derivative M . » which shifts from negative to

positive when multirotor aerodynamic interference is considered—signifying a transition from static stability to static
instability. This behavior arises from the coupled influence of rotor thrust moment contributions unique to multirotor
systems. In the absence of aerodynamic interference, although both the rotors and fuselage are inherently prone to
incidence instability, similar to conventional rotorcraft, the quadrotor configuration, featuring a forward CG and no
empennage (see Figure 4), maintains overall static stability due to the dominant stabilizing contribution from rotor
thrust moments. However, incorporation of aerodynamic interference effects leads to substantial variations in the
flight dynamics characteristics throughout the operational flight envelope. An increase in angle of attack leads to
pronounced rearward deflection of the front rotor wakes, as illustrated in Figure 12. This deflection intensifies the
downwash on the rear rotors, reducing their effective thrust and inducing a destabilizing nose-up moment. The
resultant destabilization overwhelms the stabilizing contribution from the forward CG, particularly at moderate flight
speeds where interference is strongest. This mechanism mirrors high-wash interference effects observed in

conventional rotorcraft, such as the rotor hub wake impingement described by Padfield. Overall, across the full flight

speed envelope, the net effect is a clear degradation of incidence stability, with M, becoming positive under



interference—highlighting the importance of wake-induced coupling in shaping pitch stability characteristics in

multirotor flight dynamics.
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Figure 12 Impact of vertical velocity perturbation on pitch moment.

Figure 10 (d) shows that multirotor aecrodynamic interference leads to a clear increase in IVV , particularly in the

low-to-medium speed regime. This derivative reflects the aircraft’s tendency to realign with the relative airflow
following a lateral velocity perturbation. In the quadrotor configuration studied, weathercock stability arises from
asymmetries in rotor torque response under sideslip conditions. Specifically, when a lateral disturbance occurs, the
rotor vortex wakes are deflected obliquely downstream, with Rotor 3 experiencing the most pronounced disturbance
(see Figure 13). This asymmetric wake interaction results in an increase in torque on the affected rotor, producing an
additional yawing moment in the direction of the sideslip. The interference-induced yaw moment thus enhances the
aircraft’s N, . This mechanism serves as a multirotor analogue to the stabilizing contributions from tail fins or fuselage
side force generation in conventional rotorcraft, as discussed in Padfield [4], Chapter 4. The result underscores the
importance of wake-induced torque coupling in defining lateral-directional static stability in multirotor designs.

—— Steady level flight
- - - With lateral velocity perturbation

;M j\\ 2 j\\
1Ay G(norl \\\& @t0r4 T~ &
# ~N ~
— — y
\\ \ ~

\

~

|4

- 5 \\\\/ \\\’
AN
/->
@01‘2 \\\& 6}1:01’3 \\\g
> ~ > ~
Q, == _ 793 =< 7
~ \ ~
~J AN
N N
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Figure 14 presents the variation of key damping derivatives— ij , N, M , and Z,,—across a range of forward

flight speeds, comparing scenarios with and without multirotor aerodynamic interference.
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Figure 14 Comparison of damping derivatives with flight speed: (a) roll-damping derivative (Zp ), (b) yaw-

damping derivative (]\_/r ), (¢) pitch-damping derivative (M o )» and (d) heave-damping derivative (Zw ).

Figure 14 (a) shows that the roll-damping derivative Zp remains largely unaffected by interference across the

flight envelope. The close agreement between the interference and non-interference cases suggests that roll damping,
dominated by symmetric rotor contributions, is relatively insensitive to wake interaction effects in this configuration.
In Figure 14 (b), the yaw-damping derivative N, exhibits similarly weak sensitivity to interference. A modest increase
in yaw-damping is observed at low speeds with interference, likely resulting from slight asymmetries in rotor wake
interactions under yaw-rate perturbations. However, the overall influence remains limited, consistent with the yaw-

damping behavior of other symmetric multirotor systems.

In contrast, Figure 14 (c) reveals that the pitch-damping derivative M ; 1s notably affected by aerodynamic
interference, particularly at low to moderate speeds. The increased damping in the interference case reflects the
delayed response of rotor wakes to pitch-rate inputs, as illustrated in Figure 15. As the vehicle pitches, the wake from

the front rotors increasingly interacts with the rear rotors, generating additional stabilizing moments. This dynamic

interaction enhances pitch damping, although the effect diminishes with increasing speed as wake structures become
more aligned and less coupled. Figure 14 (d) illustrates a similar trend for the heave-damping derivative Z,, . Here,

aerodynamic interference strengthens the damping across much of the speed range. This increase is attributed to wake



accumulation beneath the vehicle during vertical motion, which induces greater acrodynamic resistance, especially on
the rotor opposing the direction of travel. As with pitch damping, the effect of interference subsides at higher speeds

due to reduced wake residence time in the flow field.
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Figure 15 Impact of pitch rate on pitch moment.

In summary, the developed flight dynamics model successfully captures the influence of multirotor acrodynamic
interference on both static and damping derivatives across the full range of flight conditions. By incorporating wake
interaction effects between rotors, the model reveals critical axis-dependent stability trends—most notably, the
enhancement of longitudinal and vertical damping, and the degradation of incidence stability in low-speed regimes.
These findings provide a more physically grounded understanding of multirotor dynamic behavior and serve as a
robust theoretical foundation for subsequent analyses of stability margins and HQs. The ability to resolve such
interference-driven effects is particularly important for accurate prediction of eVTOL performance under ADS-33E-
PRF-based handling criteria, especially in transitional and low-speed flight regimes, where wake coupling is most
pronounced.

2. Dynamic stability

The dynamic stability analysis investigates the influence of multirotor aerodynamic interference on the root locus
distribution for both longitudinal and lateral-directional modes, as shown in Figure 16 and Figure 17. The plots
compare modal eigenvalues between hover (0 m/s, denoted by ‘x”) and cruise flight (70 m/s, represented by ‘0’),

demonstrating the speed-dependent variations in stability characteristics.
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Figure 17 Root locus distribution of lateral-directional modes with flight speed.

Figure 16 illustrates that the classical short-period mode decomposes into two distinct aperiodic modes: pitch
subsidence and heave subsidence. This behavior can be attributed to the absence of a horizontal tailplane, which, in
conventional fixed-wing aircraft, provides significant pitch stiffness and plays a key role in sustaining the short-
period’s characteristic oscillatory dynamics. The figure reveals that the pitch subsidence mode is characterized by

larger negative real roots, while the heave mode exhibits smaller negative real roots. In the low-to-moderate speed
regime, multirotor aerodynamic interference causes rightward shifts in the root loci for both modes, thereby degrading

their stability. These findings are consistent with the trends observed in Figure 14, which shows significant reductions

in both M , and Z,, at a similar speed range. The phugoid mode is represented by a pair of complex conjugate roots

with relatively small real components, exhibiting slow damping and oscillatory characteristics. Multirotor



aerodynamic interference induces a substantial rightward shift in the phugoid mode’s root loci, markedly degrading
its stability. This destabilization primarily stems from multirotor interference-induced variations in A, .

Figure 17 illustrates that the roll subsidence mode is characterized by a large negative real eigenvalue, while the
spiral mode exhibits a smaller negative real eigenvalue. Notably, multirotor aerodynamic interference destabilizes the

spiral mode at low-to-medium speeds, causing its root to transition from the stable left-half plane to the unstable right-

half plane. This destabilization primarily results from the strong coupling between N, and spiral mode stability,

where the interference-induced enhancement of ]Vv adversely affects spiral mode characteristics.

The Dutch roll mode exhibits a non-monotonic stability trend—transitioning from unstable to stable and then
becoming unstable again—as forward speed increases, even in the absence of multirotor acrodynamic interference.

This behavior reflects the inherent lateral-directional dynamics of the vehicle, rather than being solely a product of

wake interactions. The observed trend is driven by the competing effects of yaw stiffness ]\_fv , yaw damping ﬁr ,and
the dihedral effect L, , all of which evolve differently with flight speed. At low speeds, weak aerodynamic damping

combined with limited directional stability can result in an unstable Dutch roll mode. As speed increases, body-
generated side forces and rotor-induced dihedral effects strengthen, providing temporary stabilization. However, at
higher speeds, yaw stiffness may again grow disproportionately—particularly in the absence of a vertical stabilizer—
while yaw damping tends to plateau or diminish, reintroducing instability. This behavior underscores the sensitivity
of Dutch roll dynamics to subtle changes in aerodynamic and inertial coupling, even in interference-free conditions.
B. Handling qualities analysis

The nonlinear flight dynamics model is employed to simulate the aircraft’s dynamic response to prescribed control
inputs. The response characteristics are analyzed to assess the aircraft’s HQs, which are quantitatively evaluated using
the ADS-33E-PRF performance standards. Building on this framework, the study systematically investigates both the
underlying mechanisms and the magnitude of multirotor aerodynamic interference effects on the vehicle’s HQs.
1. Bandwidth/phase delay

The bandwidth/phase delay criterion, as defined in ADS-33E-PRF HQs standards, provides a quantitative
assessment of the aircraft’s attitude response characteristics to small-amplitude control inputs (typically £10% of full
control deflection). Figure 18 demonstrates the influence of multirotor acrodynamic interference on attitude bandwidth

characteristics during hover, medium-speed (= 0.11), and high-speed (« = 0.29) flight conditions. The roll bandwidth,



as presented in Figure 18 (a), consistently remains within the Level 2 region across all advance ratios. The multirotor
aerodynamic interference exhibits negligible effect on achievable roll bandwidth, a finding that aligns with and

corroborates the preceding stability derivative analysis.
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Pitch bandwidth, (¢) Yaw bandwidth, with the influence of multirotor aerodynamic interference.
Figure 18 (b) shows that the pitch bandwidth remains within the Level 1 region when neglecting multirotor
interference effects. However, when accounting for aerodynamic interference, the pitch bandwidth degrades
significantly to Level 2 during medium- and high-speed forward flight. This reduction is primarily driven by

aerodynamic interference, which causes M ,» to become positive, thereby reducing the natural frequency of the short-

period mode. More critically, for the quadrotor configuration considered, the classical short-period oscillation breaks
down entirely, decomposing into two distinct aperiodic modes—heave and pitch subsidence—as previously discussed.
Figure 18 (c¢) demonstrates that the yaw bandwidth initially resides in the Level 2/3 regions, indicating suboptimal

yaw control authority. The analysis shows that multirotor aerodynamic interference enhances IVV, which in turn

improves the dynamic response characteristics. This stability augmentation elevates the yaw bandwidth from Level 3
to approach the Level 2 boundary during medium- to high-speed forward flight conditions.
2. Dynamic stability

Figure 19 presents the dynamic stability assessment for both pitch and roll axes, showing that multirotor

aerodynamic interference degrades Phugoid mode stability from Level 1 to Level 2 while reducing Dutch roll mode



stability from Level 1 to near the Level 1/2 boundary. This degradation indicates a substantial deterioration in both
dynamic response capability and oscillation damping characteristics, exhibiting strong agreement with the predicted

stability trends in Figure 16 and Figure 17.
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Figure 19 Dynamic stability characteristics of (a) the Phugoid mode and (b) the Dutch roll mode.
3. Attitude quickness

Attitude quickness serves as a key metric for characterizing aircraft responsiveness to moderate-amplitude control
inputs (typically 20-50% of full control deflection). As illustrated in Figure 20, the pitch response (both attitude and
rate) to a moderate longitudinal control input demonstrates this dynamic characteristic. The pitch channel quickness

is quantitatively defined as the ratio of peak pitch rate (g, ) to the resultant pitch attitude change (A6 ), with an

analogous formulation applying to the roll channel ( p ., / A¢) for lateral-directional assessment.
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Figure 20 Pitch attitude and rate responses for attitude quickness evaluation.



Figure 21 presents the attitude quickness characteristics for both pitch and roll axes. The results indicate that both
axes consistently satisfy Level 1 HQs requirements across the evaluated flight envelope. However, pitch-axis
quickness progressively decreases with increasing forward speed, a trend primarily driven by enhanced static stability
at higher speeds, which reduces the aircraft’s responsiveness to moderate control inputs. Notably, multirotor
aerodynamic interference leads to a measurable improvement in pitch-axis quickness. This enhancement is directly

attributable to the reduction in the incidence stability derivative Z\7[W, which, as previously discussed, becomes

positive under interference, thereby increasing the initial pitch rate response for a given control input.
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Figure 21 Attitude quickness results for (a) pitch axis and () roll axis.
4. Axes coupling

Axis coupling describes the unintended control interactions that occur when command inputs to one primary
control axis induce responses in other axes. Figure 22 shows that the aircraft’s symmetrical airframe design ensures
minimal cross-axis coupling (roll-pitch, pitch-roll, and yaw-heave interactions) throughout the operational control
amplitude range, consistently meeting Level 1 HQ standards. The system maintains excellent axis decoupling

performance, with coupling effects remaining within negligible levels despite multirotor aecrodynamic interference.
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5. Height response

The height response is characterized by the vertical velocity response of the aircraft within 5 seconds following a
collective control step input. Figure 23 shows that the height response under all advance ratios is classified within
Level 1 performance. The multirotor aerodynamic interference leads to an increased time constant at medium to high

forward speeds due to the reduced eigenvalue of the heave mode, as illustrated in Figure 16.
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Figure 23 Height response evaluation results.

VI Discussion



This study presents an efficient alternative to computationally intensive CFD and vortex methods for analyzing
multirotor aerodynamic interference. Although high-fidelity simulations can accurately characterize these effects,
their practical implementation faces significant challenges due to excessive computational demands and difficulties
in isolating individual interference components—essential for flight dynamics analysis [60]. The developed approach
combines a dynamical rotor vortex tube model with dynamic inflow theory, effectively capturing vehicle angular
motion effects while maintaining the computational efficiency required for engineering applications. Validation
against wind tunnel data shows a strong correlation, with rotor interference predictions maintaining maximum errors
below 15%, satisfying flight dynamics simulation accuracy requirements.

The integrated modeling framework incorporates blade flapping dynamics with the enhanced inflow representation,
creating a comprehensive quadrotor eVTOL flight dynamics model that accurately reproduces multirotor coupling
effects. Trim analysis conducted across the complete forward flight range (0 - 70 m/s) demonstrates the model’s robust
predictive capability, exhibiting only 8% maximum deviation from reference data. These results verify the model’s
capacity to reliably assess both performance characteristics and HQs variations induced by aerodynamic interference,
establishing its practical utility for eVTOL design and development processes.

The effects of multirotor aerodynamic interference on eVTOL stability and HQs were investigated. The analysis
reveals that aerodynamic interference simultaneously increases incidence stability static instability while improving
speed static stability, significantly degrading phugoid mode stability. At low-to-medium speeds, reduced pitch and
vertical damping compromise both pitch subsidence and heave mode stability. Lateral-directional behavior exhibits
speed-dependent characteristics, where enhanced static stability destabilizes the spiral mode while the Dutch roll mode
shows improved stability at low speeds (indicated by leftward root locus shift) that transitions to reduced stability
(rightward migration) above a critical speed.

The interference substantially impacts HQs, particularly degrading pitch bandwidth from Level 1 to Level 2 at
medium-high speeds and reducing dynamic stability in both pitch and roll axes to Level 2. While pitch channel
quickness improves noticeably and roll quickness shows marginal enhancement, the effects on axes coupling and
heave response remain negligible. These findings quantitatively demonstrate how multirotor interference
fundamentally modifies eVTOL HQs, underscoring the necessity to incorporate these effects in aircraft development

to maintain optimal performance across the flight envelope.

VII Conclusions



This paper introduced and validated a comprehensive flight dynamics model for a quadrotor eVTOL aircraft,
explicitly accounting for multirotor aerodynamic interference through a dynamic vortex tube approach. Integrated
with rotor flapping and 6-DoF dynamics, the model accurately predicts interference-driven impacts on trim, stability,
and HQs throughout the flight envelope. The analysis highlights the significant influence of rotor wake interactions
on stability characteristics, underscoring their importance in HQs evaluation and flight control design. The key
findings are:

e  Multirotor aerodynamic interference substantially reduces longitudinal and incidence stability, particularly
at low to moderate speeds, driven by wake-induced coupling effects between rotors.

e The Dutch roll mode exhibits non-monotonic stability behavior, oscillating between stable and unstable
regions as speed increases, reflecting intricate interactions between yaw damping and yaw stiffness inherent
to the quadrotor configuration.

e HQs assessments (ADS-33E-PRF) reveal clear interference-related degradations in pitch bandwidth and
dynamic stability, alongside improvements in pitch-axis quickness, demonstrating the complexity of
interference effects on overall control responsiveness.

Future research will extend the developed methodology to more complex eVTOL configurations, including tilt-
rotor and distributed propulsion systems. Additionally, incorporating higher-fidelity, transient aerodynamic modeling
and pilot-in-the-loop simulations will further strengthen the framework, providing more comprehensive support for

eVTOL design optimization and certification processes.
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