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ABSTRACT

The present study aims to develop an analytical model of a fully flexible aircraft capable of capturing the
influence of flight dynamic modes on aeroelastic instabilities. The proposed formulation is based on the quasi-
coordinate framework, wherein the aircraft is modeled as a multi-component flexible structure comprising the
fuselage, wings, and tails. The aerodynamic forces acting on the wings and tails are modeled using the
minimum state method. The model identifies various types of aeroelastic instabilities, including short-period
and roll body-freedom flutter, as well as symmetric and antisymmetric wing flutter. The results indicate that
only antisymmetric wing flutter and roll-mode body-freedom flutter are significantly influenced by roll
moment of inertia such that increasing the roll inertia raises the flutter velocity in both phenomena.
Conversely, pitch moment of inertia and plunging mass predominantly affect symmetric wing flutter and short-
period body-freedom flutter. Specifically, an increase in pitch inertia reduces the symmetric wing flutter
velocity but increases the short-period body-freedom flutter velocity. Additionally, increasing the plunging
mass elevates the flutter velocity for both symmetric wing and short-period body-freedom modes.
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1. Introduction

Accurate prediction of the aeroelastic behavior of fully
flexible aircraft using low-order models is critical in
conceptual design, evaluation of novel configurations,
and multidisciplinary design optimization (MDO). With
the increasing use of high-aspect-ratio wings,
lightweight structures, and composite materials, the
distinction between rigid-body and elastic dynamics is
becoming increasingly blurred, requiring more
comprehensive aeroelastic models beyond the classical
cantilever beam assumptions.  Aero-servo-elastic
modeling commonly incorporates rigid-body motions,
structural deformations, and unsteady aerodynamics.
Three main modeling strategies are prevalent:

(1) Simplified analytical models, where aircraft
components such as the fuselage, wings, and tails are
modeled as continuous structural elements, such as
beams or plates, and their interactions are established
through kinetic energy formulations, [1 & 2].

(2) Finite-element-based structural models coupled with
aerodynamic meshes, offering higher fidelity but at
significant computational cost [3 to 5]; and

(3) The method utilizes the output of the aircraft
structural modal analysis performed by finite element
software. These results are incorporated into the
aeroelastic equations of the aircraft as representations of
the structural mode shapes, [1 & 6].

In early design phases, low-order models are often
preferred for their efficiency in control synthesis,
stability analysis, and rapid design iterations. However,
they must still capture key coupling effects between
flight dynamics and structural flexibility.

In this study, the governing aeroelastic equations are
derived using the quasi-coordinate formulation
introduced by Meirovitch [8, 9], with the distinction that
the unsteady aerodynamic forces acting on the wing and
tail are modeled using the Minimum-State Method
(MSM). The MSM provides a state-space representation
of unsteady aerodynamics while minimizing the number
of state variables through an optimization algorithm.
This makes the aerodynamic model well-suited for
integration with multi-input multi-output (MIMO)
control systems, such as those in modern aircraft, which
are naturally formulated in state-space.

This study investigates two major aeroelastic
phenomena in aircraft wing flutter and the BFF?
simultaneously. A new type of instability, termed roll-
mode flutter, is identified and analyzed for the first
time. The results from the full aircraft model are
compared with those obtained from simplified
representations, such as a cantilevered wing and a two-
dimensional flight dynamics model. Additionally, the
effects of aircraft inertial parameters on both flutter
mechanisms are systematically evaluated."”

2. The Developed Aeroelastic Equations

In this study, a fully flexible aircraft is modeled as a
multi-component system consisting of the fuselage,
wings, and horizontal and vertical tail surfaces. The
equations of motion are derived using a quasi-
coordinate framework, which offers notable advantages
in flexible multibody dynamics. Structural modeling is
based on Euler-Bernoulli beam theory, neglecting axial
deformations and in-plane bending for wings and tails.
Aerodynamic forces are calculated via strip theory,
assuming linear behavior to enable eigenvalue-based
solution approaches. Multiple coordinate systems

including a ground-fixed frame, a body-fixed frame, and
local frames for each component are employed to
describe the motion. Each elastic component’s
displacement is decomposed into rigid-body motion,
elastic deformation at the attachment point, and local
deformation within its coordinate frame. Based on the
previously described modeling framework and
employed coordinate systems, the velocity vector at any
point of the aircraft components can be expressed as a
combination of rigid-body and elastic velocity
components. The total kinetic energy is expressed as the
sum of the rigid-body motion of the fuselage and the
elastic deformations of the components. The strain
energy stored in the flexible components of the aircraft
can be expressed based on elastic deformations and the
virtual work of the external forces acting on the aircraft
can be formulated. To derive the governing aeroelastic
equations of the aircraft, the extended Lagrangian
formulation proposed by Meirovitch [8,9] is employed.

3. Results

This section presents and analyzes the flutter-related
results for the complete aircraft model, incorporating
flight dynamics effects. Finally, the influence of various
modes including roll, pitch, and plunge on the
aeroelastic behavior of the aircraft is examined. Figure 5
illustrates the real and imaginary parts of the
eigenvalues obtained from the flutter analysis at various
flight speeds. This plot enables the tracking of mode
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evolution in the complex plane. Symmetric and
antisymmetric short-period modes, along with the
elastic bending and torsion modes of the wings, can be
clearly identified. This graphical representation
provides valuable insight into mode coupling near the
onset of flutter instability and enhances understanding
of the formation mechanisms of both symmetric and
antisymmetric flutter modes. (Fig.1)
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Figure 1 — Imaginary vs. Real Parts of Eigenvalues as a
Function of Flight Speed

Table 1 presents a comparison of flutter speeds for three
different models: (1) a cantilever wing model, (2) a full-
aircraft model with planar flight dynamics (as in [28]),
and (3) a full-aircraft model incorporating spatial flight
dynamics. The results reveal significant differences in
flutter speeds between the simplified models and the
comprehensive full-aircraft model. For instance, the
planar flight dynamics model is unable to capture roll-
mode flutter.

Table 1. Comparison of Flutter Results for Flexible
Wing and Fully Flexible Aircraft

. BFF
Anti BFF
Model Sym- sym- (Short (Roll
Flutter Flutter Period Mode)
Mode)
wing 141.3 - - -
Aircraft
with planar 134.7 141.15 218.7 -
Flight
Fully
Flexible 131.15 141.45 229 262
Aircraft

3.1. Investigation of the Effect of Aircraft Flight
Dynamics Modes on Its Aeroelastic Behavior
This section examines the influence of various
flight dynamics modes namely roll, pitch, and
plunge on aeroelastic instability phenomena. The
primary focus is on how these modes affect the
BFF, symmetric, and antisymmetric wing flutter.
The analyses aim to identify the role of coupling
between flight dynamics and aeroelastic modes in
the onset and variation of aeroelastic instabilities.

3.1.1. Effect of the Roll Mode on the
Aeroelastic Instabilities of the Aircraft
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Fig. 2. Comparison of wing flutter and body freedom flutter results with [28]
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(b) Variation of Body Freedom Flutter Speed (a) Variation of Wing Flutter velocity
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ABSTRACT

The present study aims to develop an analytical model of a fully flexible aircraft capable of capturing the
influence of flight dynamic modes on aeroelastic instabilities. The proposed formulation is based on the quasi-
coordinate framework, wherein the aircraft is modeled as a multi-component flexible structure comprising the
fuselage, wings, and tails. The aerodynamic forces acting on the wings and tails are modeled using the
minimum state method. The model identifies various types of aeroelastic instabilities, including short-period
and roll body-freedom flutter, as well as symmetric and antisymmetric wing flutter. The results indicate that
only antisymmetric wing flutter and roll-mode body-freedom flutter are significantly influenced by roll moment
of inertia such that increasing the roll inertia raises the flutter velocity in both phenomena. Conversely, pitch
moment of inertia and plunging mass predominantly affect symmetric wing flutter and short-period body-
freedom flutter. Specifically, an increase in pitch inertia reduces the symmetric wing flutter velocity but
increases the short-period body-freedom flutter velocity. Additionally, increasing the plunging mass elevates
the flutter velocity for both symmetric wing and short-period body-freedom modes.

KEYWORDS

FLEXIBLE AIRCRAFT, QUASI-COORDINATE FORMULATION, MINIMUM STATE VARIABLE METHOD, WING
FLUTTER, BODY FREEDOM FLUTTER, EFFECTS OF FLIGHT DYNAMIC MODES
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