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This paper presents a comprehensive analysis of the static and dynamic behavior of a tiltrotor aircraft using an 
integrated aeroelastic model to evaluate its stability and control characteristics in cruise flight conditions. A mid

fidelity aerodynamic software, DUST, based on the vortex particle method (VPM), was coupled with the multibody 
dynamics solver MBDyn to perform both static and dynamic simulations on the Bell XV-15 tiltrotor, equipped 
with Advanced Technology Blades. A breakdown approach was employed to isolate and assess the contribution 
of individual components to the overall stability and control of the aircraft. Four rotor models with varying levels 
of fidelity were developed to investigate the impact of modeling accuracy on the reduced-order representation 
of the aircraft. Several methods for calculating aerodynamic stability derivatives were applied and validated. 
This activity enabled to provide a comprehensive quantification of the contributions of individual components 
to the aircraft’s stability, highlighting the capabilities of a midfidelity approach to evaluate the critical influence 
of rotor dynamics on stability derivatives due to the substantial impact of aerodynamic interactions in stability 
evaluation.

1. Introduction

The design of next-generation vertical takeoff aircraft is a complex 
challenge in modern aeronautical engineering. Recently, interest has 
grown in short-distance individual air transport vehicles as a sustain

able, compliant and feasible alternative to urban ground mobility, driv

ing the development of innovative VTOL systems. These benefit from 
advancements in electric motors and batteries [1].

These new aircraft bring unique challenges in different areas due 
to their design, electric engines, and advanced control architectures. To 
get approval and public trust, engineers must focus on safety, reliability, 
and noise reduction [2].

Consequently, despite the advantages that novel rotorcraft configu

rations may offer, it is crucial to study their physical behavior in terms 
of stability and control [3,4]. These machines are indeed characterized 
by significantly more complex architectures than traditional fixed-wing 
aircraft, making it essential to characterize and isolate the engineering 
challenges, such as aerodynamic interaction effects and rotor dynamics 
impact on stability and control properties.

Indeed, In the context of preliminary development of an innovative 
configuration, predicting its stability and control (S&C) behavior is cru
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cial. Early access to accurate S&C dataset helps to reduce the design and 
development time for new innovative aircrafts.

In this framework, stability and control derivatives are particularly 
relevant parameters for describing the static and dynamic properties of 
the rotorcraft. These derivatives describe how the aerodynamic forces 
and moments acting on the vehicle change in response to flight atti

tude modifications (e.g., angle of attack, pitch rate, etc.). An accurate 
knowledge of stability and control derivatives enables the creation of 
both linear models and non-linear aerodynamic models (Reduced Order 
Models) around an equilibrium condition (i.e., trim condition). These 
models can therefore be used as essential tools for the development of 
flight simulators suitable for vehicle certification and to support the 
development of the aircraft’s control systems [5]. Moreover, stability 
derivatives enable to predict the frequency modes of the aircraft’s flight 
mechanics (e.g., phugoid, dutch roll), representing a key-aspect particu

larly for the development of innovative VTOL configurations, which are 
characterized by multiple rotors that affect the vehicle’s stability and by 
strong aerodynamic interaction phenomena that significantly influence 
the aircraft performance [6]. Several different methods were developed 
in literature to characterize aircraft S&C properties. These methods can 
be distinguished in experimental and computational approach.
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Nomenclature

𝐴 Amplitude of the dynamic oscillation . . . . . . . . . . . . . . . . . m

𝑎 Sound speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s

𝑏𝑟𝑒𝑓 Wing semi-span . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

𝐶𝑗 Aerodynamic coefficient [-] 𝐹
1
2 𝜌𝑉

2𝑆𝑟𝑒𝑓

| 𝑀
1
2 𝜌𝑉

2𝑆𝑟𝑒𝑓 𝑙

𝐶𝑗0
Zero attitude aerodynamic coefficient . . . . . . . . . . . . . . . . . . -

𝐶𝑙 Rolling moment coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝐶𝑚 Pitching moment coefficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝐶𝑛 Yawing moment coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝐶𝑝 Pressure coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝑐ref Wing reference chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

𝑐𝑟 Rotor sectional chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

𝐶𝑋 X-force coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝐶𝑌 Y-force coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝐶𝑍 Z-force coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝐷 Drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N

H H-force (projection of rotor loads in aircraft Z body 
axis) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N

𝑘 Reduced frequency [-], = 𝑙𝜔

𝑉
𝐿 Lift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N

𝑙 Characteristic length [m] (𝑐𝑟𝑒𝑓 for longitudinal, 𝑏𝑟𝑒𝑓 for 
lateral)

𝑀2𝐶𝐿 Mach-scaled sectional lift coefficient [-], 𝐿 
1
2 𝜌𝑎

2𝑐𝑟
𝑛𝑐 Number of periods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

𝑝 Roll rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s

𝑞 Pitch rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s

𝑟 Yaw rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s

T Rotor thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N

𝑇 Period [s], 2𝜋
𝜔 

𝑉 Freestream velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s

𝛼 Angle of attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝛼𝐻 Horizontal stabilizer elevator change in angle of 
attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝛽 Angle of sideslip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝛽𝑉 Vertical stabilizer rudder change in angle of 
sideslip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝛿𝑗 Movable surface deflection position . . . . . . . . . . . . . deg|rad

𝛿𝑎 Aileron deflection position . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝛿𝑒 Elevator deflection position . . . . . . . . . . . . . . . . . . . . . deg|rad

𝛿𝑟 Rudder deflection position . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝜏𝑎 Aileron effectiveness [1/deg], 
𝜕𝐶𝐿wing

𝜕𝛿𝑎

𝜏𝑒 Elevator effectiveness [-], 𝜕𝛼𝐻
𝜕𝛿𝑒

𝜏𝑟 Rudder effectiveness [-], 𝜕𝛽𝑉
𝜕𝛿𝑟

𝜃 Pitch angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg|rad

𝜃75 Rotor blade pitch angle at 75% span . . . . . . . . . . . . deg|rad

𝜙 Roll angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg|rad

To predict aerodynamic coefficients and stability derivatives, ex

perimental methods mainly involve wind tunnel and flight test. With 
advancements in computational tools, experimental data has been used 
to develop extensive databases that validate and complement computa

tional results [7--9]. Wind tunnel tests, while providing high precision, 
are typically carried out later in the design process, requiring a work

ing prototype. These are indeed associated to significant costs for model 
construction and the setup of complex testing equipment [9]. Moreover, 
dynamic testing in wind tunnels requires correcting for factors like the 
presence of walls and support structures, which can affect airload mea

surements.

Similarly, flight test identification procedure can be effectively used 
to accurately determine the stability and control characteristics of an air

craft. This approach was employed in [10], where the 3211-multistep 
methodology was applied to identify the stability and control deriva

tives of an Airbus A320 research aircraft. The same methodology was 
utilized in flight tests for flight mechanics model identification of the 
F-8 digital fly-by-wire aircraft, as well as for a small-scale fixed-wing 
UAV, as reported in [11] and [12]. Another commonly used flight test 
methodology is the frequency sweep inputs in all controls, which has 
been applied for model identification in [13] and [14]. However, flight 
tests represent a methodology that can be considered just when the de

sign of the aircraft is almost defined while is unsuitable for supporting 
the preliminary design of an aircraft, particularly in the initial phases of 
its development.

From the numerical stand point, several different methods character

ized by different levels of fidelity can be found in literature, starting from 
the lower-order models to the more recent use of highfidelity CFD meth

ods. Low-order methods employ semi-empirical formulations coupled 
with simple bi-dimensional aerodynamic theories. For example, Hansen 
[15] investigated the influence of higher-order rotorflapping dynamics 
on six-degree-of-freedom stability and control derivatives of an heli

copter by using three lower-order models. Moreover, in the work by 
Fletcher [16] a fourteen degree of freedom model which characterizes 
the open loop UH-60 flight dynamics in hover is identified from flight 
test data using a frequency-response-error identification method. The 
USAF Stability and Control DATCOM [17] collects instead a database 

methodology for estimating stability derivatives on simple lifting con

figurations.

State-of-the-art computational solutions include instead URANS 
solvers or linear methods such as vortex lattice methods (VLM). An

other approach is presented in [18], where state-space form with free 
vortex wake modeling is employed for the problem linearization. In his 
work, Mialon et al. [19] present an overview of the numerical work con

ducted in the context of the SimSAC project, using CFD simulations and 
linear methods like Vortex Lattice Method and Doublet Lattice Method 
to calculate stability derivatives for the DLR-F12 and TCR (Transonic 
Cruiser) configurations, with the goal of comparing these predictions to 
experimental results. Moreover, Pfnür et al. [20] describes a method for 
evaluating the damping derivatives associated with the pitching, yaw

ing, and rolling motion of the SAGITTA flying wing configuration, where 
the required data used as input are obtained from time-accurate RANS 
computations. Roy et al. [21] carried out CFD simulations to verify the 
effectiveness of elsA software in calculating static and dynamic stability 
derivatives of aircraft, by comparing the results with experimental data 
from tests on the SACCON UCAV configuration [9]. The aforementioned 
studies employed CFD simulations reproducing simple, imposed oscil

latory motions on the aircraft, representing the most suitable approach 
to be used using time-marching CFD frameworks.

However, highfidelity CFD simulations demand substantial compu

tational resources to accurately capture the flow behavior, especially 
when dynamic movements are involved, as these are essential for calcu

lating dynamic stability derivatives. This issue becomes more stringent 
if considering rotorcraft configurations or innovative VTOL aircraft as 
tiltrotors or eVTOLs, since they are characterized by multi-rotors ar

chitectures and strong interactional aerodynamics phenomena. Thus, 
in recent years the interest about the use of midfidelity solvers based 
on vortex particle method (VPM) [22,23] has grown in rotorcraft re

search field [24,25] thanks to their capability to provide faster and 
accurate aerodynamic solutions for multi-rotor aircraft configurations. 
In particular, midfidelity methods were already used in literature for 
the calculation of stability derivatives with application on aircraft. For 
instance, Granata et al. [26] used the midfidelity solver DUST [27] to 
calculate the aerodynamic characteristics of the SACCON configuration.
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Despite the literature attention to the problem of stability deriva

tive computation is high, a certain lack is present regarding the use of 
midfidelity approach applied to a complex rotorcraft configuration, as 
a tiltrotor aircraft. This goal would require an accurate simulation of 
the aircraft dynamics during transient maneuvers that are typically in

vestigated through a multibody approach, which takes into account the 
nonlinear dynamics of interconnected bodies representing rotor compo

nents during the transients [28,29]. In the present work, a comprehen

sive analysis of the static and dynamic behavior of a tiltrotor aircraft was 
performed using an integrated aeroelastic model to evaluate its stability 
and control characteristics. In particular, the midfidelity aerodynamic 
software DUST [27], based on the vortex particle method (VPM), was 
coupled with the multibody dynamics solver MBDyn [30] to perform 
both static and dynamic aeroelastic simulations on the Bell XV-15 tiltro

tor, equipped with Advanced Technology Blades. The two solvers were 
coupled by using the Python library preCICE [31]. This coupling was al

ready validated using in past works using simple aeroelastic models and 
was employed to analyze trim conditions for the XV-15 tiltrotor model 
[32], as well as to simulate a transient rolling maneuver, which per

mitted to assess the performance of the aircraft and the aero-structural 
loads during transient maneuvers [33,34]. The use of DUST was aimed 
to evaluate the effects of interactional aerodynamics between rotors 
and wing on S&C characteristics calculation thanks to the capability 
of this midfidelity aerodynamic solver to accurately capture these flow 
physics mechanisms, as already shown in previous works focused on the 
aerodynamic investigation of multi-propeller and wing-propeller config

urations [35--37].

The present work employed a breakdown approach to isolate and 
assess the contribution of individual components to the overall tiltro

tor S&C in forward flight. Indeed, the main purpose of the activity is 
to emphasize the importance of rotor dynamics in the calculation of 
stability derivatives in cruise and above all to highlight the significant 
role of interactional flow phenomena in stability assessment by compar

ing the performance of a midfidelity approach with respect to classical 
low-order aerodynamics models, CFD, and experimental datasets.

2. Numerical methodology

The coupled multibody-aerodynamic tool used in the present activity 
exploits the two codes, MBDyn and DUST, respectively for the solution 
of the structural and aerodynamic problem.

DUST is an open-source software, released under the MIT license 
and developed at Politecnico di Milano, which combines various aero

dynamic models for solid bodies, including thick surface panels, thin 
vortex lattice elements, and lifting line elements. It also incorporates a 
vortex particle method for wake modeling, offering a stable representa

tion of the free-vorticity flow field, ideal for simulating configurations 
with strong aerodynamic interactions. Further details on the solver im

plementation can be found in [27].

MBDyn is a free, general-purpose multibody solver developed at Po

litecnico di Milano. It automatically formulates and solves the equations 
of motion for systems of entities with degrees of freedom, connected by 
algebraic constraints and subjected to both internal and external loads. 
The nodes representing the system’s kinematics can be linked by elastic 
or viscoelastic internal forces (such as lumped structural components, 
beams, shells, and CMS elements) using various viscoelastic constitu

tive laws, or by kinematic constraints. Basic aerodynamic models can 
be included using built-in elements that apply the 2D strip theory with 
aerodynamic coefficient look-up tables and classical rotor inflow models 
based on momentum theory. Further details on the solver implementa

tion are available in [30].

Communication between the two software tools is achieved through 
preCICE [31], an open-source library released under the LGPL3 license. 
preCICE (Precise Code Interaction Coupling Environment) is designed 
for partitioned multi-physics simulations, allowing the simulation of a 
subset of the full physics involved in a system. An adapter for MBDyn 

Fig. 1. Communication managed through the two solvers adapters. (For inter

pretation of the colors in the figure(s), the reader is referred to the web version 
of this article.)

Table 1
Definition of Stability Derivatives.

X axis Y axis Z axis 
Rolling 𝐶𝑙𝑝

+𝐶𝑙𝛽̇
sin𝛼 𝐶𝑌𝑝

+𝐶𝑌𝛽̇
sin𝛼 𝐶𝑛𝑝

+𝐶𝑛𝛽̇
sin𝛼

Pitching 𝐶𝑋𝑞
+𝐶𝑋𝛼̇

𝐶𝑚𝑞
+𝐶𝑚𝛼̇

𝐶𝑍𝑞
+𝐶𝑍𝛼̇

Yawing 𝐶𝑙𝑟
−𝐶𝑙𝛽̇

cos𝛼 𝐶𝑌𝑟
−𝐶𝑌𝛽̇

cos𝛼 𝐶𝑛𝑟
−𝐶𝑛𝛽̇

cos𝛼
Phugoid 𝐶𝑋𝑞

𝐶𝑚𝑞
𝐶𝑍𝑞

Lateral Phugoid 𝐶𝑙𝑟
𝐶𝑌𝑟

𝐶𝑛𝑟

Plunging oscillation 𝐶𝑋𝛼̇
𝐶𝑚𝛼̇

𝐶𝑍𝛼̇

Lateral oscillation 𝐶𝑙𝛽̇
𝐶𝑌𝛽̇

𝐶𝑛𝛽̇

has been developed to facilitate the exchange of kinematic variables 
(such as position, orientation, velocity, and angular velocity) as well as 
forces and moments acting on the nodes of an MBDyn model, which are 
exposed through an external structural force.

Fig. 1 shows a scheme illustrating the communication and informa

tion exchange, managed through the two solvers. A detailed description 
of the implementation of software coupling can be found in [38].

2.1. Stability derivatives mathematical methodology

The present section will briefly address the methodology which was 
employed to extract static, dynamic and control aerodynamic deriva

tives. A comprehensive overview of the methodology used in this work 
is available in [26], showing the validation of this approach against ex

perimental data and highfidelity CFD simulations results applied to a 
fixed-wing aircraft.

Static stability derivatives computation requires the computation of 
pairs of static simulations by varying the angle of attack and the sideslip 
angle, thus using a finite difference scheme to extract the derivative from 
𝐶𝑗 − 𝛼 and 𝐶𝑗 − 𝛽 curves.

The computation of control derivatives is performed in the same 
way, using separate static simulation at different aileron, rudder and 
elevator deflections 𝛿𝑖, and using a finite difference scheme to extract 
the control derivative 𝐶𝑗𝛿𝑖

, where 𝑗 stands for the six force and moments 
components in aircrafts body axes (𝑋,𝑌 ,𝑍, 𝑙,𝑚, 𝑛), and 𝑖 stands for the 
three possible movable surface deflection for the XV-15 tiltrotor aircraft 
(elevator 𝑒, aileron 𝑎 and rudder 𝑟).

The computation of dynamic stability derivatives is instead per

formed by imposing harmonic motions to the aircraft. The definition 
of the set of dynamic stability derivatives is presented in Table 1, while 
a graphical representation of the aircraft motions to be considered for 
their calculation is shown in Fig. 2.

It should be emphasized that particular attention will be given in 
this study to the evaluation of steady and quasi-steady terms, repre

senting the most crucial for flight mechanics modeling. By assuming 
sinusoidal motion and linear behavior around a trimmed condition, a 
first-order Taylor series expansion can be used to describe aerodynamic 
coefficients. As shown in [39], the aerodynamic coefficient for oscilla

tory motion can be expressed through the Taylor series expansion:
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Fig. 2. Graphical representation of the aircraft oscillatory motions required to compute dynamic stability derivatives. 

Δ𝐶𝑗 = 𝐶𝑗 −𝐶𝑗0
= 𝛼𝐴 𝐶̄𝑗𝛼

sin(𝜔𝑡) + 𝛼𝐴 𝑘 𝐶̄𝑗𝑞
cos(𝜔𝑡), (1)

where

𝐶̄𝑗𝛼
= (𝐶𝑗𝛼

− 𝑘2𝐶𝑗𝑞̇
), (2)

and

𝐶̄𝑗𝑞
= (𝐶𝑗𝛼̇

+𝐶𝑗𝑞
), (3)

represent the dynamic stability derivative. This methodology can be ap

plied also to lateral-directional motions.

By treating Eq. (1) as a Fourier series truncated at the first term, the 
dynamic stability derivative can be calculated as the Fourier coefficient 
of the time history of Δ𝐶𝑗 (𝑡), expressed as

𝐶̄𝑗𝑞
= 2 

𝛼𝐴 𝑘 𝑛𝑐 𝑇

𝑛𝑐𝑇

∫
0 

Δ𝐶𝑗 (𝑡) cos(𝜔𝑡)𝑑𝑡. (4)

Hence, knowing the load’s time history from the aerodynamic solver 
simulation allows for the computation of the aerodynamic stability 
derivative 𝐶̄𝑗𝑞

, using the aforementioned expression. The full deriva

tion of the expression can be found in [26].

A simpler formula to compute the aerodynamic derivatives can be 
obtained by inverting Eq. (1), when 𝜔𝑡 = 0. This operation coincides 
with measuring the thickness of the aerodynamic coefficient hysteresis 
ellipse (coming from the dynamic oscillatory motion) around 𝛼0 , hence 
the Single Point method formula is derived as:

𝐶̄𝑗𝑞
=

Δ𝐶𝑗 (𝑡)
|
|
|𝑡=𝑡𝛼0

𝛼𝐴 𝑘 
.

(5)

Both Single Point and Fourier Coefficient methods will be addressed 
within the validation of the methodology in the following section.

Fig. 3. XV-15 tiltrotor research aircraft layout: definition of reference frame, 
forces, moments and attitudes.

2.2. Tiltrotor numerical model

The present section describes the numerical model of the XV-15 
tiltrotor employed to perform the coupled DUST-MBDyn simulations. 
In particular, the present work was focused on the simulations of air

plane mode flight conditions. The XV-15 was chosen as the subject of 
this work because of its prominence as a significant test case in the field 
of innovative rotorcraft. Moreover, the XV-15 provides to research com

munity a comprehensive open-access database, which can be leveraged 
to validate the model and to explore the methodology accuracy. Fig. 3
shows the XV-15 aircraft DUST-MBDyn model together with the defi
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Fig. 4. Mesh of the XV-15 tiltrotor research aircraft used for DUST-MBDyn sim

ulations.

Table 2
XV-15 Prop-rotors Numerical Models Parameters.

Rotor model RPM Gimbal Airframe model Rotor Blades 
Model A MBDyn 0.0 locked DUST/rigid Flexible 
Model B MBDyn 480.8 locked DUST/rigid Flexible 
Model C MBDyn 480.8 free DUST/rigid Flexible 
Model D DUST 480.8 free DUST/rigid Flexible 

nitions of the reference system used in the present work as well as of 
the aerodynamic force and moments and aircraft attitudes (i.e. angular 
rates, Euler angles, and wind angles).

The aircraft numerical model built in this work included the wing 
system, the horizontal and vertical tail system that were modeled by 
using vortex lattice elements, while the two prop-rotors were modeled 
using lifting line elements [27] (see Fig. 4). The fuselage was not con

sidered in the numerical model. Indeed, the term 𝐹𝑢𝑙𝑙 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛

will be used in the following to indicate the full airframe including all 
the lifting surfaces, but without the fuselage.

Four different models of the prop-rotors were built in this work, each 
characterized by a different level of fidelity. The properties of these four 
models are summarized in Table 2. The XV-15 prop-rotors model em

ploy Advanced Technology Blades. The rotors have a gimballed hub 
and are stiff in the plane. Structural data for building the rotor model 
were taken from the CAMRAD-JA model described in [40]. The blades, 
including the control system, were represented as flexible structures us

ing the nonlinear beam elements available in MBDyn [30]. More details 
about proprotor model with its aeroelastic validation can be found in 
Refs. [33] and [41].

A lowfidelity MBDyn aerodynamic model based on 2D blade ele

ment momentum theory (BEMT) implemented in MBDyn was used to 
model rotor blades aerodynamics in Models A, B and C. On the other 
hand, Model D differs for the use of 48 lifting line elements imple

mented in DUST [27] to model each of the prop-rotors blade. Both rotor 
blades modelings consider viscous and compressibility effects through 
two-dimensional airfoil aerodynamic coefficients provided by Acree in 
[40]. While in model D the induced velocity distribution is automat

ically calculated by DUST, in the other models it is included with a 
classic Glauert model [42]. Model A does not consider rotor motion, 
thus considering only the rotor’s distributed mass inertia. Moreover, the 
gimbal angles in Models A and B are locked, constraining the gimbal’s 
motion along its axis and thereby fixing the rotor’s orientation relative 
to the main structure, preventing it from tilting or rotating freely. Con

versely, the gimbal angles are free in Models B and C, thus enabling 
independent rotor movement relative to the main structure. Across all 
four models, the airframe is treated as rigid, with its aerodynamics sim

ulated using DUST, while the rotor blades are modeled as flexible. The 
choice to develop multiple numerical models for the rotors stemmed 
from the objective of evaluating and comparing the following effects on 
the stability derivatives of a tiltrotor:

• Rotor aerodynamics loading effect by comparing the results be

tween Model A and Model B;

• Rotor dynamics effect by comparing the results between Model B 
and Model C, specifically showing how flapping motions and gimbal 
angle rotations impact rotor behavior in a dynamic context;

• Interactional aerodynamics effects assessed by comparing the re

sults obtained between Model C and Model D. This comparison 
specifically enabled the evaluation of wing-rotor and tail-rotor aero

dynamic interactions on the computation of stability derivatives. 
These interactions were captured through the physics-based vortex 
particle method (VPM) modeling implemented in DUST for rotor 
simulations.

The multibody model of the airframe includes 14 rigid bodies, each 
representing a different part of the tiltrotor. These bodies are assigned 
mass and inertia properties, centered at their respective centers of mass. 
The inertial data were taken from the XV-15 finite element stick model 
described by Acree et al. [43]. The airframe’s aerodynamic model was 
modelled in DUST through vortex lattice elements. In particular, a struc

tured surface grid was build for the airframe components, i.e. with 20 ×
70 elements for the wing, 30 × 25 elements for the horizontal tail and 
22 × 42 elements for the vertical tail (see mesh representation in Fig. 4).

Static analysis involved different simulations varying the angle of 
attack and the angle of sideslip of the aircraft in body axes reference 
frame. A breakdown approach was employed that allowed for isolat

ing the contribution of each individual component of the airframe only 
(without rotors) and quantifying interactional effects as the wing down

wash on the tail. Freestream velocity for all simulations was set to 
72.02 𝑚∕𝑠, while the thermodynamic state condition were extracted 
with the ISA+=0 at sea level. Time-marching simulations with a du

ration of 0.333 s were performed for each steady state aircraft attitude 
using DUST solver alone. The integral loads values were extracted at the 
end of the transient, after the solution reached a stationary condition. 
Dynamic simulations were conducted for the calculation of dynamic sta

bility derivatives considering the four aircraft models detailed in Table 2
subjected to the seven motions described in Fig. 2 with parameters out

lined in Table 3.

Each tight coupled aeroelastic simulation had a time-step Δ𝑡 of 
0.001𝑠. Dynamic simulations were characterized by an initial transient 
time period of 0.5𝑠, required to obtain a trimmed condition conver

gence. Two complete oscillation periods were considered, thus involving 
a total simulation time of 4.5𝑠 corresponding to 4500 time-steps. These 
parameters were selected based on the outcomes of the work by Savino 
[38], describing comprehensive time and mesh sensitivity analyses. In 
his work, the numerical model was thoroughly validated and compared 
against both experimental data and highfidelity simulations including 
also a validation on the trim of the vehicle. Numerical simulations were 
performed on a workstation equipped with a dual Intel Xeon Gold 6230R 
processor running on a base frequency of 2.10 GHz, with a total of 52 
physical cores and 2 threads for each core. Each static simulation took 
around 15 minutes. Dynamic simulations computational time was pro

portional to the complexity of the model: Model A took about 2 hours 
for each simulation. Model B and C took around 4 hours each. Model D 
took around 7 hours.

3. Results and discussion

This section presents the results obtained from both static and dy

namic simulations for the selected tiltrotor configuration.
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Table 3
Dynamic Simulations Test Matrix (aircraft motions described in Fig. 2).

A [deg] A [m] f [Hz] 𝛼 [deg] 𝛽 [deg] 𝜙 [deg] 𝜃 [deg] 𝜓 [deg] 
Rolling 5 / 0.5 -0.59 0 0 ± 5 -0.59 0 
Pitching 5 / 0.5 -0.59 ± 5 0 ± 5 0 -0.59 ± 5 0 
Yawing 5 / 0.5 -0.59 0 0 -0.59 0 ± 5 
Plunging / 0.3 0.5 -0.59 ± 0.4 0 0 -0.59 0 
Lateral / 0.3 0.5 -0.59 0 ± 0.4 0 -0.59 0 
Phugoid 0.4 0.3 0.5 -0.59 0 0 0.59 ± 0.4 0 
Lat. Phugoid 0.4 0.3 0.5 -0.59 0 0 -0.59 0 ± 0.4 

Fig. 5. Static isolated wing loads: aerodynamic coefficients as functions of the angle of attack 𝛼 and aileron deflection position 𝛿𝑎. Comparison with CFD simulations 
[34] and wind tunnel tests [44].

Fig. 6. Static isolated horizontal tail loads: aerodynamic coefficients as functions of the angle of attack 𝛼 and elevator deflection position 𝛿𝑒. Comparison with Wind 
Tunnel Tests from [44].

Fig. 7. Static isolated vertical tail loads: aerodynamic coefficients as functions of the angle of sideslip 𝛽 and rudder deflection position 𝛿𝑟. Comparison with Wind 
Tunnel Tests from [44].

3.1. Airframe static stability and control analysis

Numerical results from static simulations were compared with wind 
tunnel test data reported in [44] and with CFD simulations from [34]. 
Figs. 5 to 7 show the force coefficient graphs calculated for the single 
wing, horizontal tail, and vertical tail components, respectively. This 
study also examined variable deflections of the control surfaces (𝛿), i.e., 
the aileron, elevator, and rudder, which are necessary to extract control 

derivative information, such as the effectiveness 𝜏𝑖 . The effectiveness pa

rameters are defined consistently with the definitions provided in [44].

A quite good agreement with CFD data was found from DUST simula

tions on the single wing (see Fig. 5) for both vertical 𝐶𝑍 and horizontal 
𝐶𝑋 force coefficients. In particular, a good match is achieved in the lin

ear region for small angle of attack, thus allowing to capture quite well 
the stability derivative proportional to the slope of the loads curve. The 
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Fig. 8. Comparison of computed Full configuration loads against Isolated tail loads: integral loads (wing+tail) in the Full Configuration, wing loads in the Full 
Configuration, tail loads in the Full Configuration, tail loads in the Isolated Tail configuration.

Table 4
Airframe static stability and control derivatives computed with 
DUST for single airframe components compared with available lit
erature data from CFD simulations [34] and wind tunnel tests [44].

Wing Horizontal Tail Vertical Tail 
DUST CFD DUST WT DUST WT 

𝐶𝑍𝛼
0.0800 0.0770 0.0642 0.0710 0 0 

𝐶𝑌𝛽
0 0 0 0 0.0503 0.0530 

𝜏𝑎 0.0247 0.0251 0 0 0 0 
𝜏𝑒 0 0 0.545 0.518 0 0 
𝜏𝑟 0 0 0 0 0.396 0.375 

slight underestimation of the 𝐶𝑋 force coefficient is likely due to the 
absence of a proper viscous effects modeling associated to the parasite 
drag component. Similar good correlation with experimental data was 
found also for the vertical 𝐶𝑍 force coefficient acting on single horizon

tal tail (see Fig. 6) and for the lateral 𝐶𝑌 force coefficient acting on single 
vertical tail (see Fig. 7). When flow separation phenomena occur (i.e., 
𝛼, 𝛽 > 15◦), greater discrepancies from the wind tunnel data can be ob

served, particularly for the 𝐶𝑋 force coefficient. These discrepancies are 
due to the limitation of the vortex lattice model in capturing the strong 
viscous effects associated with deep stall. On the other hand, as reported 
in Table 4, a quite good correlation on the aerodynamic static stability 
derivatives and on the control surface effectiveness was found between 
DUST-based calculations and available literature data. This outcome val

idates DUST numerical model and the present methodology for a faster 
and accurate evaluation of static aerodynamic derivatives compared to 
methods requiring a quite higher effort as highfidelity CFD simulations 
and wind tunnel tests.

Fig. 8, instead, presents the comparison of the loads shown previ

ously, in order to highlight the effect of the various components of the 
aircraft on its stability. Specifically, the graphs of vertical and longitudi

nal forces, as well as the moment coefficient with respect to the aircraft’s 
center of mass, are displayed. In Fig. 8, ``Full Configuration'' refers to 
the wing+tail configuration, and ``Isolated Tail'' refers to the configura

tion considering the horizontal tail plane only. As can be seen in Figs. 8
(a) and (b), the wing share the dominant contribution of the vertical 
and longitudinal forces, while the moment coefficient trend is mainly 
influenced by the tail (Fig. 8(c)), which provides a stabilizing contri

bution (negative moment derivative with respect to 𝛼), in contrast to 
the wing, which provides a small destabilizing contribution. Addition

ally, from Fig. 8, the significant effect of downwash can be observed 
by comparing the isolated tail and the tail in the full configuration. The 
downwash induced by the wing on the tail has a destabilizing effect, as it 
reduces the effective angle of attack of the tail. Therefore, it is crucial to 
accurately predict this interactional parameter. In Fig. 9(a), the down

wash angle value is shown, compared to the experimental data from 
the wind tunnel reference [44]. Moreover, Fig. 9(b) presents the calcu

lated downwash angle as a function of the span-wise coordinate. This 
angle is calculated as the inclination of the velocity vector projection 
with respect to the longitudinal body axis X. These simulation results 
show that the downwash angle distribution is consistently negative for 
positive angles of attack and that the downwash effect increases as the 
angle of attack increases.

3.2. Airframe and rotors dynamic stability analysis

This section presents the results of the dynamic stability simula

tions for the complete rotorcraft. The analysis focuses specifically on 
the rolling, pitching, and yawing motions, which are considered the 
most significant in the context of this study. For the sake of concise

ness of the present paper, other motions will be briefly addressed as 
an alternative way to compute the same quantities, thus verifying the 
methodology employed and the consistency of the work. Time histo

ries of the loads acting on the airframe will be analyzed and compared 
along with the four different numerical models described in Table 2. 
Detailed insights into the flow field and sectional loads describing flow 
physical insights characterizing the motions employed for the deriva

tives calculations will be also given thanks to the outcomes provided by 
the physics-based wake model implemented in DUST.

3.2.1. Trim condition

Dynamic stability derivatives represent the parameters that describe 
load variations on the aircraft near a trim condition (i.e., equilibrium 
state) caused by small perturbations. Table 5 details the aircraft trim 
configuration chosen for this study, corresponding to a high-speed flight 
condition in airplane mode.

Since the aeroelastic model handles the dynamics of the entire ve

hicle including rotors, setting trim parameters allow the time-marching 
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Fig. 9. (a) Downwash angle absolute value as a function of the angle of attack, comparison with wind tunnel experimental results from [44]; (b) comparison of the 
computed downwash angle distribution along the tail span at different angles of attack.

Table 5
Trim parameters of XV-15 in airplane mode.

𝑈∞ [m/s] RPM 𝜙 [deg] 𝜃 [deg] 𝜓 [deg] 𝛿𝑒 [deg] 𝜃75 [deg] Thrust [N] Torque [Nm] 
133.8 480.8 0 -0.5905 0 2.7005 43.597 5317.6 17020.8 

𝜃 [deg] 𝛿𝑒 [deg] 𝜃75 [deg] T⋅10−3 [N] Q⋅10−4 [Nm]

0

2

4

6

Present Work Ferguson [44]

Fig. 10. XV-15 Trim parameters comparison between Ferguson [44] and DUST

MBDyn model.

simulation to reach an equilibrium state not only in terms of aircraft 
vertical force and moment balance, but also in terms of a desired fixed 
torque input. This is achieved through a PID controller embedded within 
the aeroelastic model. In particular, the aircraft is trimmed during the 
coupled DUST-MBDyn time-marching simulation using the PID con

troller on rotor torque, the elevator displacement 𝛿𝑒 , and the aircraft 
attitude pitch angle 𝜃. On the other hand, the objective functions are re

lated to the equilibrium of the overall moments acting on the aircraft, to 
the equilibrium of forces in the vertical direction and to the rotational 
speed of the rotor. Fig. 10 shows a comparison between the trim parame

ters obtained for the airframe and rotor using DUST-MBDyn simulations 
and those reported by Ferguson [44]. Specifically, the first two columns 
refer to the airframe trim variables, i.e. vehicle pitch angle 𝜃 and ele

vator deflection 𝛿𝑒, which are calculated to obtain a balance between 
the aerodynamic vertical force and the aircraft’s weight. The remaining 
three columns refer to the rotor trim parameters: collective pitch an

gle evaluated at 75% of blade span, 𝜃75 , thrust 𝑇 , and imposed torque 
𝑄. Compared to the literature data, a quite good agreement with the 
DUST-MBDyn results can be observed.

Fig. 11 displays the comparison of the aerodynamic dynamic sta

bility derivatives computed by DUST-MBDyn using model D with data 
presented in [45], where the set of stability derivatives was extracted 
from the A-matrix of the flight mechanics model of the XV-15 tiltrotor 
aircraft. This model was developed using a combination of flight test 
data, CFD and wind tunnel data, analytical models, and semi-empirical 
corrections, providing a comprehensive representation of the vehicle’s 
dynamic behavior. By looking in particular at the comparison with lit
erature data from Padfield [45], while pitch and yaw derivatives are 
quite well captured, the roll derivatives present higher discrepancies. 
This is probably due to the quite non-linear behavior which arise from 
the excitation on the rotor aeromechanics for this latter forced oscilla

tory motion while employing model D. This issue can be lightened or 
solved by considering a minor frequency of oscillation of the imposed 
motion, since under linear aerodynamic conditions and low Mach num

bers, it is not expected a strong dependency of the dynamic derivatives 
from the frequency value of the forced oscillation [39].

Thus, the forced oscillation would tend to be a quasi-steady motion, 
and it would lead to improve the accuracy of the derivatives prediction, 
while limiting unintended excitations. It is indeed interesting to specify 
that the same roll derivative calculated using Model B (gimbal locked), 
that will be later shown in Fig. 17, yields a value closer to the literature, 
probably because it does not take into account the effects of rotor dy

namics due to motion inertia, despite also not considering the effects of 
rotor dynamics caused by the motion-induced velocity.

Nevertheless, despite the completely different approaches used to 
derive the derivatives values, a good agreement with literature data is 
obtained from DUST-MBDyn simulations using both the single point and 
the Fourier coefficient method described in the previous section. Since 
both the two numerical methods predict quite similar values for the 
derivatives, from now on only the values computed with the latter will 
be considered for the analysis. In particular, in the following the focus of 
this activity is to use the proposed methodology to highlight the effects 
of the gimballed rotor, as well as the influence of interactional aerody

namic phenomena on the evaluation of the tiltrotor dynamic derivatives.

3.2.2. Rolling motion

Simulations of the rolling oscillatory motion enabled to calculate 
the separated lateral-directional stability derivatives 𝐶𝑗𝑝

. Particular at

tention is given to rolling moment coefficient as considered the most 
significative, being associated with the roll damping stability derivative 
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Fig. 11. Comparison of the computed roll, pitch, and yaw Dynamic Stability Derivatives around the trim condition of the XV-15 aircraft, between Padfield [45] and 
DUST-MBDyn (Model D).

Fig. 12. Rolling oscillation: Tail and Airframe aerodynamic rolling moment coefficient as function of the Roll angle 𝜙. 

𝐶𝑙𝑝
. Fig. 12(a) shows the comparison of the roll moment coefficient 𝐶𝑙𝑝

time histories computed on the tail as a function of the roll angle 𝜙 using 
all the four numerical models for the rotors.

Models A, B, and C yield nearly identical results, as changes in the 
rotor modeling do not significantly affect the tail loads. The slight in

clination of the depicted ellipse indicates a limited dependency of the 
rolling moment 𝐶𝑙 with respect to the in-phase quantity 𝑝̇. However, by 
considering interactional aerodynamics mechanisms in Model D, quite 
different results can be observed. Indeed, high-frequency harmonics 
(3/rev) are visible in the computed time history that are associated with 
rotor wake-tail aerodynamic interaction, which lead to a highly irreg

ular hysteresis curve that is deviating from the elliptical shape. Fig. 13

shows a representation of the event related to rotor blades tip vortices 
hitting both the wing and tail surface. These interactional aerodynamics 
phenomena also broaden the moment hysteresis loop, thereby increas

ing the value of the roll damping derivative, which is proportional to 
the thickness of the rolling moment coefficient ellipse.

A very similar behavior is observed in Fig. 12(b), which shows the 
computed roll moment time histories acting on the airframe but not in

cluding the contribution of the aerodynamic forces acting on the rotors 
that will be analysed separately. In this case, the effect of interactional 
aerodynamics is quite more limited with respect to the magnitude of 
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Fig. 13. Flow visualizations by Q-criterion iso-contours superimposed to vortex particles during rolling motion highlighting collision events between rotor blade tip 
vortices and (a) wing or (b) tail.

Fig. 14. Sectional Lift distribution along span at different azimuthal angles 𝜓 . 

load variations occurring due to the oscillatory motion. Also the integral 
airframe loading shows an additional contribution to the 3/rev har

monic given by the interaction of the rotor wake with the wing surface 
(see Fig. 13(a)). Additionally, by comparing Fig. 12(a) and Fig. 12(b) 
is possible to deduce that the wing’s roll damping effect is significantly 
larger than that acting on the tail. Indeed, the tail hysteresis ellipse thick

ness is quite smaller with respect to the one computed for the airframe. 
This means that the majority of the airframe aerodynamic damping in 
rolling motion is provided by the wing.

Fig. 14 shows how the impingement of blade tip vortices influences 
the sectional lift distribution on the right half of the wing and on the 
tail along the rolling motion. Two families of curves are represented, 
being associated to the upstroke and downstroke phase of the rolling 
motion, where the wing encounters the maximum values of the motion 
induced velocity. While Models A, B and C do not show alteration of the 
sectional loading due to the interaction, Model D experience on both the 
wing and the tail a strong variation in the distribution of the local lift, 
which can be identified by a doublet load variation related to the local 
change of the lifting surfaces angle of attack. Moreover, the difference 
behavior of the sectional loading curves obtained at same 𝜓 in upstroke 
and downstroke is coherent with the global damping effect of the wing. 
Indeed, lift loading is reduced during the upstroke motion due to the 
local negative induced velocity on the wing. An opposite behavior is 
observed for the tail, characterized by a negative loading distribution to 
achieve trim in longitudinal direction. It is interesting to note that the 

load variation experienced by the tail due to the interaction with the 
vortices released by rotor blades is quite stronger with respect to the 
one experienced by the wing. This interactional flow event has a great 
influence particularly along the longitudinal and directional motions, 
being dominated by the tail stability, as will be later discussed.

In addition, the effect of these interactional phenomena on wind and 
tail integral loads is also highlighted in Fig. 15 showing the comparison 
of the computed rolling moment time histories on the two aircraft com

ponents. The severe oscillations on the rolling moment observed on both 
components from the rolling moment time history computed for Model 
D highlights the importance of interactional aerodynamic phenomena 
contributions to rotors wake in the stability assessment.

Indeed, Fig. 16 shows the rotors aerodynamic force contribution 
to the rolling moment hysteresis ellipses calculated with the different 
numerical models. As all the computed hysteresis ellipses run anti

clockwise, rotors provide additional damping to the aircraft system. 
Nevertheless, a clear dependence from the employed rotor model can 
be observed from the curves behavior. In particular, the larger differ

ences are present between the results obtained with Model B and Model 
C, D, thus highlighting the robust contribution of rotor dynamics on 
aerodynamic loads calculation in roll.

Rotors aerodynamic forces contribution on roll damping deriva

tive values is summarized in the breakdown graph shown in Fig. 17, 
where the dynamic stability derivatives are also compared with the ones 
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Fig. 15. Integral Rolling moment time histories (expressed in terms of rotor azimuthal angle 𝜓𝑟 during rolling motion). 

Fig. 16. Comparison of rotor aerodynamic rolling moment coefficient as func

tion of the roll angle 𝜙.

computed by USAF DATCOM methodology [17], which exploit a semi

empirical lower order formulation.

Specifically, by comparing the values obtained for Model A and B 
in the Airframe + Rotor case, an increase of damping in roll is appar

ent by considering rotors aerodynamic loads. This result is due to the 
damping action of the lateral H-Forces which differentially arise on the 
rotors while the aircraft is performing the rolling oscillatory motion, as 
depicted in the graphical representation shown in Fig. 18(a). Fig. 18(b) 
shows the comparison of H-Force component time histories computed 

on the two rotors for models B, C and D. The gimbal-locked Model B 
shows higher absolute values of H-force loads with respect to Model C. 
Thus, adding rotor dynamics, damping is reduced as shown by compar

ison between roll damping derivative values for Aircraft + Rotor shown 
in Fig. 17. On the other hand, comparison between Model C and D results 
shows that interactional aerodynamics effects provide a superimposed 
strong oscillatory loading component on rotors related to wing influence 
(see Fig. 18(b)). Instead, the effect of interactional aerodynamics on the 
rotor derivative is limited, though it clearly amplifies load oscillations, 
as seen in the rotor load time histories shown in Fig. 16.

In order to further investigate the importance on an accurate model

ing of rotors aerodynamic load contributions, Fig. 19 displays a polar 
representation of the rotor blade sectional lift distribution evaluated 
along the last computed revolution. This representation is provided, for 
instance, on the right rotor only by comparing results obtained for Mod

els B, C and D, at 𝜙 = 0◦ both in upstroke and downstroke phases of 
rolling motion. By comparing results obtained over Model B and C, it is 
possible to observe a strong dependence of the aerodynamic loads with 
respect to the rotor dynamics. In particular, a higher level of blade load

ing is observed for Model B due to the fact that blades motion is locked 
around the gimbal angles. Moreover, for the same reason, blade sec

tional loads do not show an axial-symmetric behavior along a complete 
revolution. On the contrary, Model C, allowing blades motion around 
the gimbal degrees of freedom, leads to an axial-symmetric load distri

bution with respect to azimuthal angle. This axial-symmetric loading 
behavior is again lost when interactional aerodynamics effect are con

Tail Airframe Airframe + Rotor

−1

−0.5

0

𝐶
𝑙 𝑝

Model A Model B Model C Model D DATCOM

Fig. 17. XV-15 Out-of-phase Damping in Roll Dynamic Stability Derivatives, computed with Fourier Coefficient Method. Comparison with USAF Datcom methodology 
from [17].
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Fig. 18. (a) Graphical representation of the velocity induced by rolling motion and H-forces acting on rotors during a right-wing-upstroke maneuver; (b) comparison 
of H-force time histories along two rolling periods.

Fig. 19. Comparison of the contours of the non-dimensional aerodynamic sectional blade lift coefficient 𝑀2𝐶𝐿 on the right rotor blade at 𝜙 = 0◦ along the last 
computed revolution.

sidered, i.e. Model D. In particular, near rotor azimuthal angle 𝜓𝑟 = 270°, 
representing the azimuthal angle when the blades pass in front of the 
wing leading edge, a source-doublet load variation is induced by the 
wing on rotor blade. The source contribution is given by the wing thick

ness effect, which acts as a local ground effect for blades airfoils. In 
addition, the doublet contribution is given by the wing circulation that 
induces a vortex-like variation of the local angle of attack [46].

The effect of this aerodynamic phenomenon can be observed also 
from Mach scaled sectional lift coefficient 𝑀2𝐶𝐿 evaluated at two dif

ferent blade radial positions with respect to blade azimuthal angle (see 
Fig. 20). Model B shows higher peak-to-peak magnitude of blade sec

tional load due to the locked motion of the blades around the gimbal 
angles. Model C enabled to obtain a more realistic smooth behavior 
of the aerodynamic load acting on the blades by introducing dynam

ics modeling and free gimbal degrees of freedom, showing an almost 
constant value of the rotor sectional lift with respect to blade azimuthal 
angle. Model D shows a quite similar behavior of the computed sec

tional load with respect to Model C results, while the capability to model 
aerodynamic interaction between rotor and wing enabled to capture 

Fig. 20. Comparison of non-dimensional aerodynamic sectional blade lift coef

ficient 𝑀2𝐶𝐿 on the right rotor blade at two radial positions with respect to 
azimuthal angle 𝜙 along the last computed revolution.

the source-doublet contribution at rotor azimuthal angle 𝜓𝑟 = 270° pre

viously described. As a matter of fact, particularly looking at curves 
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Fig. 21. Pitching oscillation: Tail and Airframe aerodynamic Pitching moment coefficient as function of the Pitch angle 𝜃. 

comparison at 𝑟∕𝑅 = 0.75, Model D can provide a more accurate eval

uation of blade sectional loading, providing a quite different behavior 
with respect to the curves calculated with a low-order modeling of aero

dynamics for Model B and C.

3.2.3. Pitching

This section presents the results obtained from the simulations of 
the pitching motion along with vertical oscillatory translation, which 
allows for the extraction of the composed pitch rate derivatives 𝐶𝑗𝑞

+𝐶𝑗𝛼̇

(see Table 3 for the frequency and amplitude of the pitching oscillation 
motion). Fig. 21 compares the time histories of the pitching moment 
acting on the tail and airframe with respect to the pitch angle 𝜃 obtained 
with the four different numerical models of the rotors.

As observed for the rolling motion analysis, Models A, B, and C 
yield similar results for the tail loading (see Fig. 21(a)). Only the in

teractional aerodynamics modeling provided by Model D introduces a 
substantial difference in the calculated time history curve of the pitching 
moment. Indeed, the curve obtained for Model D shows high-frequency 
harmonics related to the occurrence of rotor-airframe interactions al

ready described in the previous subsection. Along pitching motion, the 
3/rev harmonic variations observed on the tail load curve are quite more 
limited with respect to the rolling motion case. By the way, the hys

teresis curves calculated with the four numerical models of the rotors 
show negligible differences in terms of the ellipses thickness. Moreover, 
a static negative slope of the hysteresis curves is evident for all the four 
numerical models, indicating the tail load dependency on the in-phase 
quantity 𝛼 and the robust contribution of the tail to the aircraft longitu

dinal static stability.

Similar considerations can be deduced from the comparison of pitch

ing moment curves calculated for the airframe (see Fig. 21(b)) not 
including rotors aerodynamic force contribution. In particular, the aero

dynamic pitching moment for the airframe nearly coincides with the 
ones calculated for the tail alone, indicating that the vehicle longitudi

nal static stability is primarily governed by the tail. The hysteresis loop 
of the airframe pitching moment slightly varies for Model D, where high

frequency harmonics related to the occurrence of interactional aerody

namics effects are apparent.

In order to highlight the effects of rotor aerodynamic forces contri

bution, Fig. 22 separately shows the comparison of hysteresis pitching 
moment computed on a prop-rotor along the simulated pitching motion. 
It can be observed that rotor modeling leads to quite different contribu

tions to pitch damping. In particular, the differences between Models 
B and C highlight the need to model accurately the rotor dynamics to 
correctly capture the rotor’s contribution to the stability derivative. The 
effect of interactional aerodynamics, however, is related to the presence 
of 3/rev oscillations characterized by higher amplitude, if comparing 
Models C and D in Fig. 22. It is important to highlight that the hystere

Fig. 22. Comparison of rotor aerodynamic pitching moment coefficient as func

tion of the pitch angle 𝜃.

sis generated adding rotor dynamics modeling (Model C) is still very 
limited with respect to the thickness of the airframe load loop.

These observations, particularly related to the effects of a more ac

curate representation of aerodynamic forces on rotors, are reflected in 
the calculation of the values of the composed pitch damping deriva

tives shown in Fig. 23. This figure also provides a comparison of the 
same derivative value, computed as the sum of the isolated derivatives 
𝐶𝑚𝑞

computed from the phugoid motion simulation (see Fig. 2(d)) and 
the values of 𝐶𝑚𝛼̇

computed from the plunging motion simulation (see 
Fig. 2(f)). The quite good agreement of the derivatives computed with 
the pitching motion highlights the consistency of the employed proce

dure and provides an insight about the quite similar accuracy that can be 
obtained for the calculation of stability derivatives (𝐶𝑚𝑞

) by simulating 
a simpler motion, i.e. single pitching and plunging motion. Moreover, 
as expected the tail is observed to be responsible of almost the totality 
of the value of the 𝐶𝑚𝑞

, since in the case of a linear induced velocity 
due to the pitch rate, the tail has a much bigger arm with respect to the 
wing.

3.2.4. Yawing

In this section, the results obtained from the yawing motion simula

tions are presented and discussed. Fig. 24(a) shows the comparison of 
the tail-induced yaw moment time histories as function of the yaw an

gle. As already observed from the results obtained by the rolling and 
pitching motion simulations, the bigger contribution to the tail loads is 
given by the interactional effects between the rotor wake and the tail. 
Differently from the pitching motion, the 3/rev oscillation contributions 
appear to be quite relevant, even if the mean value and the thickness 
of the hysteresis load time history are not affected in a significant way. 
Moreover, the static slope of the hysteresis curve allows to quantify the 
static weathercock stabilizing effect of the tail, as a positive yaw angle 
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Fig. 23. XV-15 Out-of-phase Damping in Pitch Dynamic Stability Derivatives, computed with Fourier Coefficient Method. Comparison between the values computed 
using the pitching motion simulations and the ones computed as the sum of the values obtained from phugoid and plunging motion simulations (P+P).

Fig. 24. Yawing oscillation: Tail and Airframe aerodynamic Yawing moment coefficient as function of the yaw angle 𝜓 . 

Fig. 25. Rotors H-Force (a) and Thrust (b) contributions to the yawing moment. 

incidence leads to a negative tail yaw moment (𝐶𝑛,𝐶𝐺𝛽,𝑡𝑎𝑖𝑙
< 0). On the 

other hand, the anti-clockwise direction of the hysteresis loop is related 
to the negative damping in yaw derivative 𝐶𝑛𝑟

. Indeed, the aerodynamic 
surface tends to counteract the action due to yawing motion performed 
by the aircraft.

The comparison of yawing moment acting on the airframe shown 
in Fig. 24(b) highlights that almost the entire contribution to the yaw 
moment is due to the tail. Fig. 25(a) shows the contribution to the yaw

ing moment due to the rotors lateral aerodynamic force (H-force), while 
Fig. 25(a)(b) shows the contribution of rotors differential thrust due to 

yawing motion. Comparing results obtained over Models B and C, the H 
force’s contribution to yawing moment decreases with the inclusion of 
rotor dynamics modeling. On the other hand, differences between the 
curves obtained for H-force contribution over Models C and D, which 
represent the inclusion of interactional aerodynamics modeling, are 
negligible. Conversely, the differential thrust contribution shows pro

gressively lower hysteresis when comparing results obtained between 
Model C to B and between Model D to C. Generally, the rotor’s contri

bution to the yawing moment remains quite low, as indicated by the 
calculated yawing moment coefficients values.
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Fig. 26. XV-15 Out-of-phase Damping in Yaw Dynamic Stability Derivatives, computed with Fourier Coefficient Method. Comparison between the coupled values 
computed with the yawing motion simulations and the ones computed as the sum of the values obtained from lateral phugoid and lateral motion simulations (LP+P).

Finally, all these observations are reflected and summarized in 
Fig. 26 showing the breakdown values of the calculated yaw damping 
derivatives. As a matter of fact, the dominant contribution is due to the 
tail. Moreover, the comparison with the same derivatives values cal

culated as the sum of the values obtained from the simulations of the 
lateral rigid-body and lateral phugoid motions is also reported. Com

pared to pitching motion derivatives, the agreement with the composite 
derivative value is slightly lower, but still confirms the suitability of the 
employed procedure.

4. Conclusions

The present work describes the use of an aeroelastic model of the 
XV-15 tiltrotor research aircraft, achieved through the coupling of two 
open source software, i.e. the midfidelity aerodynamic software DUST 
and the multibody dynamics software MBDyn, for the calculation of 
the static and dynamic stability derivatives of the aircraft. Beyond the 
described methodological activity, which provides guidelines for the sta

bility and control analysis of the aircraft, an in-depth investigation of the 
aerodynamic configuration of the tiltrotor was performed, leveraging 
multiple models with different fidelity to consider rotors contribution 
to the stability derivatives.

In particular, the first analysis was focused on static stability and 
control, following a breakdown approach to understand the relevance 
of individual components to the aircraft’s S&C properties. A quite good 
correlation was found between numerical data and experimental data 
available in the literature, highlighting and quantifying the significant 
role of the tail in the longitudinal and lateral-directional stability of the 
aircraft. Similarly, good agreement was achieved in terms of control 
derivatives by considering various deflections of the control surfaces, 
i.e. aileron, elevator and rudder. Within the scope of the static study, 
the numerical tool also accurately quantified the interactive effect of 
the wing’s downwash on the tail, which results to provide up to a 40%
load reduction on the tail.

The second part of the work was focused on the analysis of the 
aircraft’s dynamic stability derivatives. With this aim, a series of sinu

soidal oscillatory motions of the aircraft were simulated to calculate the 
complete set of longitudinal and lateral-directional stability derivatives 
of the aircraft. Specifically, the study highlighted important observa

tions regarding the modeling requirements for the estimation of stability 
derivatives for each type of motion, particularly underscoring and quan

tifying the significant role of aerodynamic interactional phenomena 
occurring between the rotor and airframe. For all the considered air

craft motions, this interactional phenomena introduce high-frequency 
oscillations that can substantially alter the integral values of the sta

bility derivatives. In particular, a notable contribution was found for 
rotor dynamics modeling, specifically allowing the degrees of freedom 
around the gimbal axes, which is crucial to avoid overestimating the 
damping effect contributed by the rotor. Additionally, the aerodynamic 

performance of the tail was identified as the most critical factor in the 
calculation of derivatives related to fluid mass inertia and the aircraft’s 
angular rates. Its performance is significantly influenced by the interac

tion with rotor tip vortices in the case of the rolling motion, while being 
less significant for the longitudinal and directional motions.

The proposed methodology, based on a midfidelity numerical tool 
employing vortex particle modeling of the wakes, enables fast and re

liable computation of static and dynamic stability derivatives around a 
chosen trim condition. This approach has been proved to be particularly 
valuable during the preliminary design phase of innovative rotorcraft, 
offering a practical alternative to resource-intensive highfidelity CFD 
simulations or experimental wind tunnel campaigns. While the mid

fidelity method is not suitable for deep-stalled flow conditions, it is 
highly effective for analyzing conventional advanced cruise flight. More

over, it is valid for single-frequency solutions and could be extended to 
multi-frequency analysis by performing a frequency sweep, thereby ac

commodating various oscillation frequencies and amplitudes limited by 
the scale and type of model used. This study further highlights the im

portance of considering rotor dynamics induced by flight conditions for 
full-scale tiltrotors, using reduced oscillation frequencies to approximate 
quasi-static angular rate conditions.
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