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ABSTRACT: In this study, a nonlinear aeroelastic model is developed for a fully flexible aircraft, in
which the coupling between structural elastic modes and rigid-body modes is comprehensively taken
into account. The governing equations of motion are derived in a quasi-coordinate framework, and the
structural response is determined using the assumed modes method under large deformation conditions.
The nonlinear behavior of the wings is modeled using beam equations incorporating geometric
nonlinearities induced by large displacements. The main contribution of this work lies in the combined

application of the assumed modes method to the nonlinear aeroelastic analysis of a fully flexible aircraft  Keywords:

and the use of a minimum state-space aerodynamic model, which significantly reduces the model order Flexible Aircraft

and computational cost compared to conventional finite element-based approaches. Numerical results . . .
.. . . . L. Quasi-Coordinate Formulation
demonstrate that rigid-body modes and mass—inertia parameters have a pronounced influence on limit-

cycle oscillation behavior and the overall aeroelastic response of the system. These findings highlight the Nonlinear Aeroelasticity

necessity of including rigid-body dynamics for accurate prediction of dynamic stability and instability ~Minimum State Variable Method

mechanisms in flexible aircraft.

Assumed Mode Solution

1- Introduction

With the advancement of research in nonlinear vibrations
and the expansion of studies on nonlinear aeroelasticity, the
design and analysis of aircraft with high aspect ratio wings
have become feasible. Increasing the aspect ratio reduces
induced drag, thereby improving acrodynamic efficiency and
enhancing flight endurance, which is particularly important
in the design of long-endurance unmanned aerial vehicles.
However, higher aspect ratios also increase wing flexibility
and significantly affect the dynamic behavior of the structure.
Under these conditions, structural design constraints shift
from primary issues such as root bending stresses to more
complex aeroelastic phenomena, including flutter instability
in linear analyses and limit-cycle oscillations in nonlinear
modeling. Consequently, the development of accurate and
comprehensive analytical models for predicting the nonlinear
aeroelastic behavior of a complete aircraft plays a crucial role
not only in conceptual design but also in multidisciplinary
optimization and flight performance analysis.

With the advancement of research in nonlinear vibrations
and acroelasticity and the development of advanced
analytical methods [1-3], it has become possible to examine
complex phenomena, such as nonlinear aeroelasticity, in
flexible aerospace structures with greater accuracy and
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realism. Subsequently, researchers have proposed models
for predicting the nonlinear aeroelastic behavior of complete
aircraft using three distinct approaches.

In the first approach, some researchers employed the finite
element method for modeling [4-7]. In these models, nonlinear
beam elements were used, and structural nodes were coupled
with aerodynamic panel grids to obtain comprehensive
aeroelastic equations. The second approach, which provides
higher accuracy in representing structural complexities, is
based on modal analysis using specialized software [8, 9]. In
this method, rigid and elastic modes extracted from the modal
analysis of an unconstrained structure are incorporated into
the nonlinear aeroelastic equations.

The third approach is based on semi-analytical modeling, in
which each structural component of the aircraft is represented
as a cantilever beam. The interactions among different elastic
components, as well as between these components and the
rigid-body degrees of freedom, are established using a quasi-
coordinate framework in the mass matrix [9].

In the present work, the nonlinear structural behavior
is modeled using Pai-Nayfeh beam relations, and the
aerodynamics of the wing and tail are simulated employing
a minimum-state acrodynamic model. This approach allows
the governing equations to be formulated in state-space with
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Fig. 1. Imaginary vs. Real Parts of Eigenvalues as a Function of Flight Speed

minimal order and enables straightforward implementation
of multi-input-multi-output control systems. The novelty of
the study lies in two aspects: the application of the minimum
state aerodynamic model for nonlinear aeroelasticity and the
development of a comprehensive model of a fully flexible
aircraft using the assumed modes method. These two
approaches enable accurate prediction of aeroelastic behavior
with the lowest possible model order and high efficiency for
multidisciplinary design and limit-cycle oscillation analysis.

2- The Developed nonlinear Aeroelastic Equations

In this section, the developed nonlinear aeroelastic
equations for the complete aircraft model are derived. To
this end, the expressions for kinetic energy, strain energy,
and the work done by unsteady aerodynamic forces are first
formulated in the generalized quasi-coordinate framework.
Next, the unsteady aerodynamic model based on the minimum
state method, employed to describe the aerodynamic forces
acting on the wing and horizontal tails, is introduced.
Subsequently, for structural modeling, the assumed modes
method and cantilever beam models are applied to each
flexible component of the aircraft, and the procedure for
approximating the structural response is described. Finally,
the nonlinear equations resulting from large deformations
are explicitly derived using the Pai—Nayfeh nonlinear beam
relations, providing the complete framework for the nonlinear
aeroelastic equations.

3- Results and Discussion

In this section, flutter diagram plots (including the real
and imaginary parts) are first presented, showing symmetric
and antisymmetric wing flutter, free-body flutter, and aircraft
roll-mode flutter.

Subsequently, the effects of variations in mass and
moments of inertia about the aircraft’s lateral and longitudinal
axes on the amplitude of limit-cycle oscillations in wingtip
bending and twisting, the aircraft’s vertical velocity, roll rate,
and pitch rate are examined and illustrated.
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Fig. 2. Limit—cycle oscillation amplitude of (a) wing
bending, (b) wing torsion.

4- Conclusions

In this study, the nonlinear aeroelastic behavior of a fully
flexible aircraft was investigated with particular emphasis
on the role of inertial parameters, and the developed model
was validated against available linear and nonlinear reference
data. Flutter analyses revealed the occurrence of several
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instabilities, including symmetric and antisymmetric wing
flutter as well as rigid-body flutter in the short-period and
roll modes. Time-domain responses demonstrated the
convergence of the system to stable limit-cycle oscillations at
airspeeds beyond the flutter boundary. An increase in aircraft
mass was found to reduce the amplitude of limit-cycle
oscillations in the bending and vertical motion modes, while
significantly amplifying pitch-rate oscillations for lower mass
values. Moreover, increasing the transverse mass moment
of inertia intensified bending, and in particular, torsional
oscillations of the wing, indicating a stronger coupling
between wing torsion and aircraft pitch motion, whereas the
roll-rate oscillation amplitude decreased. Overall, the results
highlight the effectiveness of inertial parameter tuning as a
practical approach for controlling limit-cycle oscillations and
mitigating nonlinear aeroelastic instabilities in lightweight,
flexible aircraft.
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Fig. 1. Fully Flexible Aircraft Model.
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Poleo slojially ply Ve 5o &y gl Gy iz g E
Y] g Hlai B po gl (o Gy e S5 6 Sed 0 )8 Jb
P> @ig Jl ol plee 4 lonlon (Job jexe Joo ooyl Glow s
0 el 55 a0 p3Y g sl ok Blod Yo bl o (2B ) a3 g L
oo S ymn Sy gyl Olas b 351y pom (sl
A3 iload QLl U 53 Jolee leg el <) laps (o 5 (ot
Slosel V Jgan 3 acweS

Gy oy Mo > Su (gode Jold M la i

(s (A5 = ilS 8 giohe 5 (B JS8) s purm S 5 i F US2)
A VF Aolas oy e o 1 Un_siocie ) 395isa (F JSA) ok2g ke
ldge b oo ol 53 ] so vy Wlors Gl ] 5l s i clap )5
Losglg e g oligS” oglis (sbasge g JU olitedly 9 ()lie (o 9 e
M Jolis (6oLl aiws Hlaa Jolds by sotie opl ol ssalin B
g loglon Cle d90 M 5 Ol i M8 (L olie S 5 () ite
i 9 e Sadge (S5 i Sl a5l () lite (sl S
i ] ol 5B &S S50 )3 il g0 g lEedly g o lite
S4B i Jols e dg0 S 5 0ligS sl 390 b L e 390 (S35

dbge Jb oplitedl Gied 390 L Lolsn S 290

avy

Sodh b Jobs gols ¢ los e balgy  oxiawyliel jolatedy coll )
Sass il b b islasgs gy b o 5> ok dunlie [A] g pe
@ Jb 5 Sulsl g b Rl @l b bl sladgs
€8y 4 Ui g Oled Jol sbadge (SuS i Sl 0 Jgese yobo
35S o wlyi |y canlio B> g0 IS5 gulg? 5] dlos 53 5] 33igm oo
@l 2l bl o vy 390 93 3l edlinl b @ls pols I8 s cplplo
Te ol b Jb S o g pled Sloj Gl cdnlie gl 00
YV copor 3 9 g oo gl jgu I g o5 2o [A] @250 2
ol b sdalcunddy guli duslie .ol 0dd pawy g dswlee 4B p i
3 o326 ol b (3leti Lo costan Gl o305 g0
8y swobe 0 ) b e iledde €8 fpimen g 039 [A] a2 ye
S o ol M 5] ey SVl ]

P lo poio =Y Y
oxd L)l JolS slowlsn Juo (slyy M (sla o isu ul 5
Slodds a3 el (gl astine polie lil 4 b v (pl Cul
gl pl b adb o [Yo ] gy Jo Baiod cpl ) 0dd oolatwl o
2 phdlhasil 5 e g a9 Wb oo (2LA8 flg Seelied bl > &S
Cadio b plp B, JU sied Cadio bl o ol ons a3 5\



Lo lgr Oladwin ) Jgan

Table 1. Aircraft specifications.
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