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Abstract

In space vehicle structure design, the purpose on reducing weight is to minimize the gap
of frequency concept between flight mechanics motion and structural vibration. Therefore,
aircrafts are becoming more and more flexible. This necessitates the use of a flight
mechanics model using aeroelasticity theory. The development try of this model is the main
subject of this research. The aim of this last is eventually to be employed in disturbances and
manoeuvre load prediction in the beginning conception phase. This in order to avoid unstable
flight conditions, moreover, the flight mechanics model may be also used to design active

load alleviation systems to decrease loads on the wing structure.

Various approaches and contributions were involved in the model of aeroelastic flight
mechanics of which one can cite Modal approach in a linear time-invariant state-space
system for Aeroelasticity, Summation of Forces (with multibody system dynamics) for Load
Prediction in aerodynamics and Conventional Serial Staggered Partitioned approach for
Fluid-Structure interaction. The totality of the multibody system dynamics model is designed
on the basis of user input, so, it may be incorporated into a framework for design
optimization. This gives us the ability to do various supplemental analyses.

Finally, several conclusions are reached. The response of static and dynamic behavior is
checked, so it's likely that it can be applied to other classical, low aspect-ratio aircraft
operating in the subsonic flying range.

Key words: Aeroelasticity, Dynamic modeling, Mode-superposition, Vibration, Quasi-

steady models, Lumped-parameter method, Finite element method, Multibody system
dynamics, Simscape Multibody.



Résumé

Dans la conception de structures de véhicules spatiaux, le but de la réduction du poids est
de minimiser I'écart de concept de frequence entre le mouvement de la mécanique de vol et
la vibration structurelle. Par conséquent, les avions deviennent de plus en plus flexibles. Cela
nécessite l'utilisation d'un modele de mécanique de vol qui inclut I'aéroélasticité. Le
développement d'un tel modeéle est I'objet de cette recherche. Le but final est de I'utiliser pour
la prédiction des charges de perturbations et de manceuvres au début de la phase de
conception. Cela permettrait d'éviter des conditions de vol instables. De plus, le modeéle de
mécanique de vol peut également étre utilisé pour concevoir des systemes d'atténuation de

charge actifs afin de réduire les charges sur la structure de l'aile.

Différentes approches et contributions ont été utilisées dans le modéle de mécanique de
vol aéroélastique, notamment I'approche modale dans un systéme d'état-espace linéaire
invariant dans le temps pour I'aéroélasticité, la sommation des forces (avec la dynamique du
systeme a corps multiples) pour la prédiction de charge en aérodynamique et I'approche
conventionnelle de partitionnement en série échelonnée pour l'interaction fluide-structure.
La totalité du modele de dynamique des systémes a corps multiples est congue sur la base
de I'entrée de l'utilisateur, de sorte qu'elle peut étre incluse dans un cadre d'optimisation de

la conception. Cela nous donne la capacité de réaliser diverses analyses supplémentaires.

Enfin, plusieurs conclusions sont tirées. La réponse du comportement statique et
dynamique est vérifiée, il est donc probable que cela puisse étre appliqué a d'autres avions

classiques a faible aspect ratio opérant dans la plage de vol subsonique.

Mots-clés : Aéroélasticité, Modélisation dynamique, Mode-superposition, Vibration,
Modeéles quasi-stationnaires, Méthode des paramétres concentrés, Méthode des éléments

finis, Dynamique des systéemes a corps multiples, Simscape Multibody.
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Chapter 1:
Introduction

1.1 Background

eroelasticity and flight mechanics are frequently treated as separate fields, and
simulations are analyzed using different models. This is a reasonable assumption
to make when there is little connection between the two or when the frequencies
of structural vibration are much higher than those related to flight mechanics. However, the
current emphasis on reducing aircraft weight results in ever-more flexible conceptions [1]. As a
result, the structure oscillates at a smaller frequency [2], which reduces the frequency gap between

structural vibrations and motion caused by flight mechanics [3].

Due to this, a flight mechanics model that incorporates aeroelastic deformation is
necessary for proper load anticipate (prediction). Structural stability can be guaranteed and
unsteady flight circumstances can be prevented with accurate load prediction. Additionally,
for the design of efficient control systems, a deeper comprehension of the linked aeroelastic
and flight mechanics study is essential. Active load relief using these devices can result in
improved customer satisfaction, lessened fatigue, and minimize loads on the wing structure
[4]. As aresult, the emphasis of aeroelastic research switches from the mitigation of negative
consequences to the utilization of positive ones. An interesting detail is that the Wright
brothers studied aeroelasticity for their wing-warp roll control system, which is where
aeroelasticity research got its start [5]. In order to accomplish high-performance mission
objectives, modern aircraft are being built with an increased emphasis on their great
maneuverability. Modern aircraft have light-weight, flexible wings with a high aspect ratio as a
means of achieving this goal. Design ideas for aircraft have been researched that make use of the
wings' flexibility to improve maneuverability [6].
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Flexibility is an important aspect to consider when designing mechanical structures that
will be subjected to significant loads. Simscape Multibody and Simulink are commonly used
tools in the modeling of flexible dynamics, with many researchers adopting these approaches
to better understand a wide range of structures. For example, Victor et al. used both lumped
parameters and finite element methods to model and predict beam deflection in a linear
regime, ultimately finding that while the lumped parameter approach is user-friendly for
flexible bodies, it has certain drawbacks when it comes to modeling high-dimensional
structures [7]. Subedi et al. experimentally modeled a flexible beam using a camera to
identify lumped parameters, and found that an increasing number of elements reduces
deflection ratio [8]. Another study developed a model based on the port Hamiltonian

formulation and applied it to a robotic system [9].

The lumped parameter method (LPM) has proven useful in modeling high-speed robots
and machine tools in the field of robotics [10]. In one study, a new method was proposed to
minimize the impact of vibration on rigid structures by subdividing them into separate
elements [11]. Single-link flexible manipulators were modeled using a flexible fishing rod
model and LPM-based Simscape Multibody [12].

A survey of literature related to dynamic analyses of flexible robotic manipulators was
conducted in a study [13]. In another study, global shape functions for flexible multibody
systems were obtained using isogeometric finite element models that aimed to discretize the
geometry [14]. Held et al. developed a flexible multibody systems software, Dynmanto, in
the Matlab toolbox, which incorporates flexible bodies in multibody simulations and allows
for obtaining global shape functions [15]. The lumped parameter method was shown to be
an effective method for predicting the contact force of elastic colliding bodies in studies [16]
and [17]. The method's advantages lie in its simplification of mathematical formulation,
computational efficiency, and better understanding of the coupling effect of excited modes
on the occurrence of multiple impacts. In one study [18], an improved approximation was
presented for calculating wing tip deflection that is well-suited for preliminary wing designs.
Another study [19] aimed to practically explore different methods for constructing and
representing dynamic mechanical models and develop a strong understanding of modal
analysis, which involves constructing a system's total response by combining individual

modes of vibration. The lumped parameter method has proven efficient in a wide range of
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domains, including acoustics and mechanics [20]. In a separate study, Svoboda and Hrom¢ik
presented a finite element based structural model of a flexible wing that addressed the
problem using Euler-Bernoulli, showing remarkable accuracy towards modeling [21].
Mathematical modeling and simulation analysis of aerodynamic loads acting on the wing
structure, including aerodynamic lift, the weight of the wing, and fuel storage loads, were
discussed in another study [22].

It is crucially important to identify the critical parameters which influence the aircraft
wing structure during flying conditions. The aircraft’s wing plays an important role towards
the aircraft balance allowing it to dexterously perform graceful movement [23]. The main
purpose of [23] is to provide an exhaustive analysis of a wide range of loads’ types. The
airfoil profiles reside in generating the aircraft’s forward airspeed [24]. From a modeling
point of view, in [24], the authors have performed a numerical validation on A300 wing
model to determine the entire displacement, stress and deflection of the wing by adding the
winglet or removing it. Wing is similar to a cantilever beam that transfers and collects all of
the applied air load to the fuselage. It has a crucial structural role in ensuring a steady and

functional flight.

When constructing a wing, it is important to meet certain criteria, such as high lifting
force, low aerodynamic drag, and low mass [25]. In this study, the focus was on unmanned
aerial vehicles (UAVs), specifically analyzing and optimizing the structure and topology of
one of their UAV wings. A 3D model of the wing, based on its current dimensions, was
created from scratch using ANSYS Mechanical APDL 18.1, a commercial software. XFLR5
software was then used to obtain the distributed lifting forces to be applied to the wing,
assuming stationary flight conditions. MATLAB R2015a software, utilizing the DMS, was
used for topology optimization. The wing supports the heaviest charges to which the aircraft
structure is subjected. The wing’s design is not randomly chosen but it strongly relied on
different geometrical and physical parameters. Wing is the main source of producing the so-
called lift-load in an aircraft [26]. Then, the finite element method is used to assume the
stresses, strains, deformations and safety factors; it is concluded that the obtained pressure
distribution is triggered by the various parameters acting on the wing. From [27], the authors
have used two methods, namely modal method and kriging surrogate model. Both methods

are coupled with the static equilibrium equation to perform a fast static aeroelastic analysis
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for the sake of obtaining the deflection of the wing and modeling the generalized forces
under different deformations, angles of attack and Mach numbers.

Structural analysis of a transport aircraft wing is done in [28] using a CAD software
CATIA V5 and finite element software Ansys Workbench in order to obtain the total
deformation, stress, strain and safety factor caused by the aerodynamic loads. A general
aircraft is modeled and analyzed using RDS software and finite element software package
COMSOL respectively in order to check the wing reliability. Simulation has been performed
into three parts, namely takeoff, climb and cruise through Matlab code and Simulink taking
into account the aerodynamic loads and pitching moment [29].

To this end, an investigation was carried out to model an aeroelastic wing model using
both modal superposition and quasi-steady aerodynamic in the Simscape Multibody
environment. Modeling wing using a modal approach is generally based on a state-space
system that has accurate findings in the static and dynamic responses of the model. In the
same context, coupling this approach with the quasi-steady aerodynamics approach in a
partitioned manner paves the way to predict and calculate both structural and aerodynamic
loads that act on the wing structure. Additionally, disturbances that have a direct impact on
the wing, like aileron or flap deflection, especially affect wing loads. Furthermore, coupling
the mentioned approaches forms an aeroelastic wing model, which is the most important
object in this thesis. Another technique for modeling is the Lumped Parameter Method LPM
which is used to model the static and dynamic behavior of simple flexible geometries. This
approach could be more efficient in real experimental studies. Unfortunately, due to the
absence of its experimental equipment, modeling of the considered wing using LPM will not
be included in this report. According to the literature, the modal model (i.e., the aeroelastic
wing modelled by the modal approach) that might be developed in the current study should
be more accurate in comparison to the structural modeling, computing time, and precision
required for the lumped-parameter wing model. Furthermore, the modal model outperforms

the lumped parameter model because it requires less processing and can be efficient.
1.1.1 Overview for Aeroelasticity

The interaction between fluid materials and flexible solid objects is studied by the relatively

new field of applied mechanics known as aeroelasticity. Aeroelasticity is typically used in the
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field of aircraft engineering. Aeroelastic issues, however, also apply to transportation engineering
(cars, ships, submarines) and civil engineering (slender structures, towers, smokestacks,
suspension bridges, electric lines, and pipelines). Its uses in machine engineering (compressors,

turbines) are also significant.

In the following sections, we will focus on aeroelasticity theory. Aeroelasticity is the
branch of engineering that studies the phenomena that result from the interaction of
aerodynamic, inertial, and elastic forces occurring during the relative motion of a fluid (air)
and a flexible body (aircraft wings). Modeling the flexible flight mechanics of an aircraft’s
wing requires a solid understanding of aeroelasticity. Aeroelasticity is simply explained in

the next sections, and this short introduction provides a clear understanding of the problem.

Figure 1.1 represents the interaction between solid mechanics, structural dynamics and fluid
domain (i.e., elastic forces, inertial forces, and aerodynamic forces, respectively) which is at the
core of aeroelasticity [30]. The change of the aerodynamic forces leads to a structural
deformation. The complete fluid-structure interaction system must be simultaneously simulated

due to this interaction.

INERTIAL FORCES
(DYNAMICS)

AERODYNAMIC FORCES ELASTIC FORCES
(FLUID) (SOLID MECHANICS)

Figure 1.1: Collar triangle of aeroelasticity [31].

As seen in Figure 1.2 [32], Friedmann more recently contribute to improving the above
triangle by including the effect of control elements such as flaps, ailerons, slates, and spoilers,
and the effect of thrust force which is powered by the engine. The aeroservoelasticity that is the
focus of this thesis is represented by the top half of the hexahedron. It covers the examination of
control algorithms for things like trim or load alleviation as well as the analysis of the aircraft

wing response to control input.
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Figure 1.2:Friedmann hexahedron of aeroelasticity [32].

This research topic is growing more and more crucial because to the advancement of
electronics, sensors, and autonomous control theories [33]. Aerothermoelasticity, in which heat
effects are introduced to the conventional aeroelastic model, is represented by the lower half of
the hexahedron. Aerothermoelasticity is essential in the transonic flight range [34]. Since it is not

the focus of the current study, this will not be covered.

There are various approaches to treat the aero(servo)elastic problem. One can examine
the dynamic reaction or the static (i.e., steady-state) response by including transitory effects.
Additionally, one must decide whether to simulate the entire response or to merely look for
limits of aeroelastic instability. The elastic instability of the air can take the form of flutter
or divergence. Analysis of instability streamlines the process by essentially ignoring the
majority of the deformations and focusing solely on motion that is negatively damped. The
complete dynamic response of the structure must be modeled because the most recent study
objective is about prediction of loads during flight domain. The most complex aeroelastic

analysis that can be done is this one.
1.1.2 Overview for The Novelty of Flight Mechanics

From the current theory, the aeroelasticity of wings in steady state is regarded as a well-
developed research field, and the majority of its results are considered to be timeless and valid
[32]. However, aeroelasticity is still a relatively new discipline. Aeroelasticity in the regime of
transonic flight [35], lightening loads using flexible structures [36], and the integration of
aeroelasticity in flight mechanics are a few examples of topics where significant progress is

currently being made [3].
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The current study which is situated in an active research area, is focused on this challenge. An
efficient Aeroelastic Flight Mechanics (AFM) model has already been attempted several times,
but no agreed-upon modeling methodology has been established. Dedicated flight mechanics
software, finite element analysis, and computational fluid dynamics. Although it takes days to
complete the computation for a four-second maneuver, this method produces incredibly accurate
results [37]. A dynamic of multi-physics systems is frequently used to connect various disciplines.
A multi-physics systems has been integrated with a Computational Fluid Dynamic solver by
something like a number of researchers [3], [38], [39]. These researchers reduced computational
complexity by utilizing the multibody dynamics approach’s inherent advantages. Chapters 2 and
5 discuss the precise modeling methods.

The used models during the preliminary design phase necessitate an additional performance
improvement in the simulation time by using aerodynamic data inputs, such as a quasi-stable
model or an unstable method (refer to part 2.2). In addition, through a multibody environment,

some of these an aerodynamic model was combined with the lumped mass method. [40].

1.2 Thesis Objectives, Scope, and Structure

In the previous sections, the aeroelastic flight mechanics is covered. We will now discuss
this thesis' particular context.

1.2.1 Thesis Objective

The primary purpose of this thesis project is to develop an Aeroelastic Wing Model
AWM for disturbances (i.e., gust) and prediction of maneuver load. Furthermore, it makes
designs safer and leads to reduced loads that act on the structure. The purpose of the research

contribution can be summarized as follows:

Is it possible to quickly and accurately predict and calculate the load on a flexible
aircraft wing in the subsonic flying range by combining the modal superpositioning
method and quasi-steady aerodynamics in a partitioned way through a multibody system

environment called ** Simscape Multibody**?

The developed model is used to investigate the dynamic aeroelastic response of a small

passenger aircraft's single moving wing. The created wing model predicts and captures the
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whole aeroelastic problem, such as structural deformation, aerodynamic loads, and the

influence of elements on wing deformation.

Comparatively speaking, it is estimated that this model can increase efficiency by
potentially improving both accuracy and computing cost. Despite the seeming contradiction,
literature implies that this is possible. Because of two factors, accuracy is increased. First,
unlike modal superposition, the LPM is not suitable for prediction of loads and necessitates
more hypothesis and experimental material, especially with complicated geometry like a
wing [41], [42]. Additionally, provided that they behave linearly [43] (i.e., in a linear time-
invariant manner), the Mode-Superposition approach MSUP can describe more complex
and difficult systems than the lumped-parameter approach since the latter models only
simple geometries through the Simscape Multibody environment. This then improves the
accuracy of load prediction since the modal superposition approach is better suited to more

complicated geometries.
1.2.2 Thesis Scope

The model developed by the current research can be performed using "Simscape
Multibody analysis tools.” It receives input from the desired model and other equipment for
evaluation, such as structural or aerodynamic data. For this, the model must be developed
using the Simscape Multibody toolbox, also known as Simscape Multibody, in a MATLAB
environment. A multibody simulation environment is provided by Simscape Multibody,

which is a component of Simulink.

Generally speaking, the purpose of the latest study is to develop a model that can simulate
the graphs of small deflections of flexible aircraft wing structure, the evaluation of the
dynamic response of flap and aileron elements, and the loads that effect the structure. This
needs to be useful for a range of applications in flight mechanics, including the input of

control elements and gust disturbances.

Unfortunately, due to the lack of complete DATA, the creation of the flight mechanics
model, which combines the entire aircraft model parts using multibody system dynamics, is
not part of the scope. However, it will be recommended for future studies.



Chapter 1 Introduction

The diagram in Figure 1.3 illustrates the iterative process of evaluating aircraft designs to
arrive at a viable design solution based on the initial top-level requirements. The current
research focuses on developing a model that fits within the category of "analysis tools.” This
model takes input data, such as structural or aerodynamic data, from the product model,

which is represented by state-space blocks, and from other analysis tools.

A
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Figure 1.3: Flowchart model of engineering design and analysis [44].

1.2.3 Thesis Structure

This thesis is composed of 6 chapters. Firstly, chapter 1 covers the background of
aeroelasticity and flight mechanics. Secondly, the aeroelastic wing theory is discussed in
chapter 2 as is the theoretical background of a mathematical model of the modal approach,
the lumped parameter approach (treated in detail in chapter 3), aerodynamic contribution,

FSI study, and the influence of the inclusion of lifting surfaces such as flap and aileron.

Furthermore, a comparative study of a simple flexible wing using lumped-parameter and
finite element methods is described in chapter 3 using Simscape Multibody environment and

finite element software to solve the static and dynamic deflection of rectangular wing.
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In addition, an application about how to model and simulate the aerodynamic loads by
integrating some mathematical equations is performed using the MATLAB code in chapter
4. Moreover, chapter 5 represents the methodology of the Simscape Multibody model, i.e.,

how the discussed theory in chapter two was used to create the considered wing model.

Not least of all, the qualitative and dynamic evaluation of the considered wing structure
is verified at the end of chapter 5 in order to validate the aeroelastic wing model. Finally,
this report ends with general conclusions and additional proposals for future studies in

chapter 6.
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Chapter 2:
Aeroelastic Wing Theory

The following chapter covers the four disciplines that describe the AWM. The structural
model is covered in section 2.1, while the aerodynamic model is covered in section 2.2. The
above models are coupled in section 2.3 to create fluid-structure interactions. The impact of
lifting surfaces on aerodynamics and wing response is briefly discussed in section 2.4. The

chapter comes to an end with a brief summary in section 2.5.

2.1 Structures

The structural model will be explained now. The modal superposition method will be
used for this model in order to capture both wing deformation and motion. In the next section,
the modal method is discussed and a detailed explanation of the choice of this approach is
given. After that, an overview of the LPM method is briefly treated in section 2.1.2 to obtain
the best understanding of the modal model that necessitates an improvement. Finally, we

end up with load prediction section 2.1.3.
2.1.1 Mode-Superposition Approach MSUP

Mode-Superposition is the fundamental concept of the modal method. First, this idea will
be presented. Then there will be a detailed discussion of how it applies to our particular

problem.

Modal superposition theory: The mode-superposition method involves using natural
frequencies and mode shapes obtained from modal analysis to describe the static and
dynamic response of a structure. In linear dynamics, it is often necessary to determine a
system's response in the frequency or time domain. The mode-superposition method offers
a computationally efficient way to do this, and in some types of linear dynamic analyses, it
is the only way to obtain accurate results. The deflection of a structure can be expressed as

a linear combination of a small number of vibration modes, with the amplitudes of these
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modes forming the so-called generalized coordinates [45]. By using generalized coordinates,
the structural model becomes more compact, as only the amplitudes of the mode shapes,
rather than the deflections of every node, are needed to determine the system's state. This is
in contrast to finite element methods where each node is modeled separately, resulting in

much larger structural models [46].

Figure 2.1 provides examples of typical wing forms. Mode shape 1 (top-left) appears to
be the first bending mode of a wing, also known as a flap-wise bending mode, in a minimal
frequency response, while the fourth mode (bottom-right) shows the existence of a torsional
mode with a higher natural frequency. Between these two are the other modes of bending
and twisting, respectively. Due to their lower frequencies and typically higher amplitudes,
the lower modes appear to be more dominant than the higher ones. Because of that, higher

modes are typically ignored in the modal approach.

Figure 2.1: First four mode shapes of wing simulated by finite element software [4].

Be noted that twisting and bending typically occur in separate modes for simple, isotropic
structures constructed of, for instance, metals, such as aluminum. Torsion and bending
coupling frequently take place within mode forms for anisotropic structures constructed of,
for instance, composites or for more complicated wings [47]. These linked mode forms can
be employed to precisely reflect the structure, even if they could be a little more difficult to
identify [47].

Theoretically, the governing equation for the modal approach is equation (2 — 1). In this

equation, s is the vector of response coordinates, which contain the degrees of freedom's
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values, and the generalized coordinates vector q represents the amplitudes of the mode forms,
@ is the matrix that contains the lower mode shapes as its columns. Note that the used mode
shapes can be normalized and orthogonal [48] and form the different values of DoF (i.e.,
capture the rotation and translation of each node, respectively). In addition, the coordinate
transformation s is represented in equation (2 — 1) from the physical coordinates to the
modal coordinates. The transformation of these coordinates reduces the size of the structural

problem elements.

s(t) = @q(o) 2-1)

Application of the MSUP to Aeroelasticity: Modal approach is a potent method for speeding
up computation time when performing dynamic response analyses of linear structures. With
the help of this approach, the dynamic response of a structure can be approximately
represented by the superposition of a few numbers of its eigenmodes. For aeroelastic
problems, this coordinate of transformation is treated in this section. Equation (2 — 2)
depicts the general expression of a motion equation. In this known equation, M, C and K are
the matrices of mass, damping and stiffness, respectively. Additionally, s is the vector of
response coordinates which is represented in equation (2 — 3), where g is the forward sweep
bending, h is the plunge or the downward deflection and ¢ is the twist or pitch-up deflection.
The digits refer to the number of spanwise sections. In the side of this equation, F represents
the applied force vector which is composed of: H is the forward force,V is the downward

force, and M is the pitch-up moment, equation (2 — 4).

M§+Cs+Ks=F (2-2)
S = [hl 81 fl hn 8n S;n]T (2 - 3)
F = [Vl Hl Ml . Van Mn]T (2 - 4’)

In modal analyses, mode shapes are usually obtained without damping and external forces,
as it mentioned in equation (2 — 5). The solution of this equation is discussed now. Structural

damping and external forces will be discussed in more detail later in this section.

M$+Ks=0 (2 -5)
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A solution for equation (2 —5) takes the form of s(t) = ¢‘“t, as described in the
literature. Substituting this solution into (2 — 5) yields equation (2 — 6), which represents
the general form of the eigenvalue problem. In this equation, ¢ refers to the number of
eigenvectors that solve the eigenvalue problem for corresponding eigenvalues of w?. All of
these eigenvectors represent the mode shapes of the structure, while w represents a natural

frequency related to a given mode shape.
K¢ = w?M¢ (2-6)

In relation to the stiffness and mass matrices, the mode shapes are orthogonal [48].
Equation (2 — 7) is obtained using the property of orthogonality, it forms the generalized
mass also called ‘’M-orthonormal’* [48]. &;; represents the Kronecker delta, which has a

null value in each combination of i and j, except when i = j, in which case it is 1.

Including the matrix of the mode shapes, in order to rewrite equation (2 —7). M-
orthonormality can also be written as is shown in equation (2 — 8) such as I is the identity

matrix.

[ Mp; =& 2-=7)
OTMD = | 2-8)

By applying the coordinate transformation of equation (2 — 1) in equation (2 — 2) and pre-
multiplying all terms with ®T and equation (2 — 8) is substituted, this gives equation (2 —
9) [42].

1§+ 2T'q + Aq = ®TF (2-9)

Equation (2 — 10) shows that A is the spectral matrix with the diagonal eigenvalues w?.
The eigenvalue problem has this type of property [2]. The modal damping matrix I will be

discussed in detail in the next sections.
w?
A=dTKD = (2 —10)
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Since the matrices of I and A are diagonal, the system of vibration equations
in (2 —9) could be uncoupled, so it is important to solve the modal damping I" and the
applied force F. Note that the given modes are not orthogonal to the damping matrix T,
However, it can be useful when we use a common assumption in the form of "Rayleigh
Damping" [49]. This case occurs when C is a linear combination of stiffness matrix K and
mass matrix M. So, it is obvious in this case that the condition of orthogonality of the
eigenmodes compared to the matrix C will be checked. Note that ¢; and c, are constant

scalars.

The general form of Rayleigh damping is represented in equation (2 — 11), where the
damping matrix C appears to be a linear combination of the mass matrix M and the stiffness
matrix K. Since the matrices of M and K are diagonal, the damping matrix I is also diagonal.
If Rayleigh damping is considered, the modal damping matrix I" in equations (2 — 9) will

take the form illustrated in equation (2 — 12).

Because of its diagonal form, this sort of damping is also known as "proportional
damping" because each mode is individually damped [42]. In equation (2 — 12),
¢ represents the modal damping ratio. This damping is intractable to identify for complex

structures such as an aircraft wing [50].

C = C1M + CzK (2 - 11)

201w
2 = dTCh = (2-12)

Zmem

In order to achieve the structural deformation, it is possible to create a structural state-
space system that enables quick calculation of the whole deformation in Simscape Multibody

environment[42]. The form of a state-space system is defined in equation (2 — 13).
X = AX + Bu

(2-13)
y = Cx + Du
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From the previous equation, x is the vector containing the state vector of variables, it is a
function of time, y is the output variables and it is a function of time, u is the input variables
also it is a function of time, A is the state constant matrix, B is the input matrix, also it is
constant and C is the output matrix as well as D is the direct transition (or feedthrough)

matrix, a constant matrix.

The output vector y is specified in equation (2 — 15) and forms the vector of response
coordinates s, the vector of modal coordinates q, and their first and second derivatives. The
vector x is given by equation (2 — 14), the applied force vector F from equation (2 — 2) is
considered as an input in u. Equation (2 —9) can now be used to produce the state space

equation, resulting in equation (2 — 16). Equation (2 — 17) shows the output equation.

_ 9] _
x= || (2 —14)
- S 'qu'
$ ®q
§ q)..
y=la|=|¢ (2-15)
94 | q
lql ] g |
a1 [0 I 114 0 3
[q]_[—A —2r! .q]+[c1>T]F (2-16)
Q) ® 0 0
dq 0 @ 0
oq| _ |[-eA —20r| [ dPT _
= |7 ? q] +| %5 |F (2-17)
q 0 I 0
q —A -2 ol

The applicability of the modes determines how many must be used to obtain correct
results for a wing. Theoretically, any collection of modes may be used to simulate structural
response, but in practice, a large variety of modes would be needed to achieve a desired level
of accuracy. Aeroelastic applications typically make use of a number of fixed-free vibration
modes [43], [51]. In this context, the term "fixed-free” denotes the presence of forces and
moments at one end. Given that the aircraft wing is in free-flight state, this is appropriate
[52]. According to published researches [48], [46], between 15 and 25 modes should be

considered for an accurate Aeroelastic Flight Mechanics AFM model.
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Since the mode shapes represent the deflection from this equilibrium, they must be
defined in relation to a fixed equilibrium position. Since mode shapes are established for a
structure vibrating in a vacuum or without aerodynamic forces, the equilibrium position is
the shape of the wing on the ground. The aircraft in which the wing root chord line is located
will serve as the reference plane for the mode forms (the "rigid wing plane™ treated in section
5.2.2). The elastic axis located in the middle of each wing section is represented by the mode
as they form themselves in their forward, downward, and pitch up positions. Note that

secondary motion is neglected, such as the inward translation of the wing tip caused by a

plunge.
2.1.2 Overview of LPM

With the Lumped-parameter Method (LPM), which uses a group of rigid parts connected
by springs and dampers, it is easy to model the continuous wing.

In the top part of this Figure 2.2, each beam element is linked to another beam element
using a weld (W) in order to ensure the best connection between GBE, and each beam
element comprises two massless bodies (B) linked by a joint (J). This last captures the

deformation of each massless body.
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Figure 2.2: Lumped-beam representation [42].
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The lower part of Figure 2.2 depicts an individual generalized beam element. The stiffness
and damping coefficients of the joint are set to represent the properties of the section of the
beam they describe [42].

Due to the usage of rigid parts, this method is easily adaptable to the Simscape Multibody
dynamics environment [7]. Using the LPM, the structure is divided into a number of
generalized beam elements that are all the same and each of them is a body-joint-body
combination. The library of the Simscape Multibody environment creates the equations of
motion automatically. The approach creates a compact model that can yet represent the
structure's dynamic response because it does not model every node but instead makes use of
generalized coordinates. These generalized coordinates indicate the degrees of freedom of

the generalized beam elements.

Unfortunately, this approach can be difficult to extend and accurately describe for less
computationally complex geometries such as airplane wings, even when including
experimental data and materials. On the other hand, modeling using a modal approach based
on finite element analyses are preferable [7]. Furthermore, the bending moment cannot be
precisely defined as a function of beam bending angles because the bending moment at a
particular beam element only depends on that beam element's deflection. In truth, the

bending moment is also impacted by the adjacent deflection angle [42].

This problem could be resolved by creating a special joint that calculates the joint
deflection and response force by taking into account the deflection angles of various
elements. Unfortunately, this causes the beam elements to become connected, making it
impossible to easily determine joint primitives. For these reasons, which are taken from
several sources of literature, modeling aeroelastic wing deformation does not often employ
the LPM.

2.1.3 Determination of Load Prediction

It is important to take into consideration the prediction of loads in order to minimize the
effect of loads on the structure. Load reduction is intended to reduce severe wing deflection
and wing tip deformation [53]. Peak loads, which can be significantly larger than those

during normal flight, may happen during flight as a result of gusts or maneuvers [4]. To
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reduce the dynamic response to winds and maneuvering actions, control mechanisms can be
used. The summation of forces (SOF) approach bases loads on the addition of inertial and
aerodynamic forces [54]. Inverse-Fourier transforms would often be used to determine these
in the frequency domain before moving them into the time domain [54]. The forces have
previously been obtained in the time domain for the Multibody System Dynamics MSD
simulation that is being used in the current study [42]. The MSD environment can
automatically integrate these forces. The SOF method will be employed in this instance even
though, the MD method is better suited to handle load prediction [53] since it takes

advantage of the Simscape Multibody framework used to create the model.

2.2 Aerodynamics

In an aeroelastic study, the aerodynamic analysis can be very difficult. 60% of the CPU
time was used for fluids in a high-fidelity aeroelastic study using the Reynolds average and
Navier-Stokes method, 38% was used for mesh deformation needed for the aerodynamic

analysis, and only 2% was used for structures [55].
2.2.1 Choice of Linear on Nonlinear Study

If a linear model is adequate for the anticipated loads uses or if nonlinear aerodynamic effects
need to be taken into account should be decided first. Examples of the foundations for nonlinear
models are the Navier-Stokes equations or the Euler equations [56]. For example, a Doublet-
Lattice Approach DLM or a quasi-steady method are the foundations of linear models, which are

easier.

The relationship between the flutter speed index and Mach number is shown in Figure
2.3. The speed at which flutter instability only manifests itself is known as the flutter speed
index. The flutter speed index for subsonic Mach numbers below about 0.75 can be
accurately described by linear analysis, as this figure shows. Aeroelastic analysis becomes
substantially more difficult in the transonic zone, as shown by Figure 2.3, which depicts
highly nonlinear aerodynamic effects. As the airplane experiences structural bending in this
domain, shock waves may arise and vanish. Furthermore, zones of separated flow may form
as these shock waves grow and diminish [57]. Linear aerodynamic models are utilized since

they are accurate enough, and the model is focused on aircraft traveling at subsonic speeds.
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There is broad consensus among authors that linear models can adequately capture subsonic
aeroelasticity with connected flow [32], [34], [58].

Measured
: . Bound
Classical (Linear) e
Analysis
Flutter b o o \_
Speed Bt Inviscid
Index ¢ Analysis
. ,:.'
Viscous s i
Analysis
| | I | |
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Figure 2.3: Prediction of the flutter speed index for various Mach numbers [57].
2.2.2 Choice of Stable, Quasi-Stable or Unstable Aerodynamic Models

The following decision to be taken is whether to utilize a stable, quasi-stable, or unstable

aerodynamic model [31], which is covered in more detail in the following paragraphs.

e Stable models: The factors affecting aerodynamic forces and moments are the
current position and orientation. They only rely on the angle of attack in real-
world application. An algebraic equation or a look-up table can be used to

model the considered case.

e Quasi-stable models: Instantaneous position, orientation, and motion provide an
equally steady aerodynamic state that impacts aerodynamic forces and moments.
This requires the assumption that motion occurs infrequently. Inertial and wake
effects are not taking into account as it is mentioned in [59], [60]. In addition, a

basic algebraic equation or look-up table is implemented.

e Unstable models: The entire flow must be determined in order to calculate
aerodynamic forces and moments. As far as the unsteady effects is remarkably pointed
out the oscillation profile takes place, as it is shown in Figure 2.4. Once the vortex of

the same length occurs, the vorticity gives birth around the airfoil which triggers the
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lift profile. The effective angle of attack changes as a result of the downward deflection
h of an airstream u from this vortex, which alters the airflow that intrudes on the airfoil
profile [61]. As the profile oscillates in a dynamic environment, Figure 2.4 depicts
how the shed vortex varies over time in terms of its strength and orientation. The
main things that cause instability are viscosity, thickness of the airfoil, flow

separation, and being able to be compressed [61].

Figure 2.4: Wake vortices decreases by the oscillating profile’s effect [62].

2.2.3 Study of Quasi-Stable Model

At this point, a more thorough examination of quasi-steady models is complete, where
aerodynamic forces and moments are affected by position, orientation, and motion POM.
Even though this assumption seems pretty simple, the quasi-steady approximation can be

used in a number of situations [31].

Equation (2 — 18) represents Theodorsen's formula for calculating lift [61]. L represents
the lift load, Cj, is the coefficient of lift at 0° AoA, and Cy, is the gradient of the lift curve.
Moreover, p is the air density, a is the distance between the mid-chord point and the elastic
axis as a fraction of the semi-chord, b is the distance from leading edge or trailing edge to
the mid-chord point, h is the downward deflection, C(k) is the Theodorsen’s function, u is

the airflow velocity and « is the local AoA.
. h 1 a
L = pbu®C,y + npbz(h — bad + ud) + Ciapbu?® C(k) [5 +b (E - a)a + al (2-18)

Equation (2 — 18) can be utilized for the quasi-stable model with C(k) constant and equal
to one, relating to a lower frequency k of zero [63]. The equations are then reduced to simple

POM algebraic functions.
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This quasi-stable model can also be used in conjunction with lift, drag, and moment using
a look-up table. This approach must be used with the effective angle of attack a,r;. The
three-quarter chord point should be used to calculate this a.fr [60]. The following will
explain how to determine a,f; from equation (2 — 18), observing that it is approximately
the section between brackets as given in equation (2 — 19). The terms depending on ¢& and

h that are left out as a result of this method have a minor effect in comparison to other terms
[31].

h 1 a
Aeff =~ a+b<§—a)a+a (2-19)

According to what was mentioned in section 1, Figure 2.5 depicts a wing that can be
described as a collection of spanwise parts that can move independently of one another. The
deformation of multiple spanwise sections is determined by the state-space system. This
leads to the assumption made by the strip theory. Each unit along the spanwise direction of
a wing is represented here by being thought of as a piece of an endless wing with uniform

spanwise elements (see Figure 2.5).

Figure 2.5: Moving wing parts freely to each other.

Strip theory and higher-fidelity models disagree on smaller aspect ratio wings due to
three-dimensional phenomena. Nevertheless, as long as the motion frequency is low, strip
theory reaches the precision of unsteady panel methods when the static lift slope at section
areas closes the tip is adjusted to match higher-fidelity models[64]. In quasi-steady

conditions, strip theory with a tip adjustment is correct.
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In conclusion, the aerodynamic model that will be used is a quasi-stable aerodynamic
model based on Theodorsen's theory, considering strip study with a wing tip correction.

Also, it consists of look-up tables.

2.3 Fluid-Structure Interaction FSI

As was already said, this chapter talks about how the structural and aerodynamic models from
the above sections are linked together.

In the FSI problem, 03 domains are involved: the fluid domain, the structural domain, and the
fluid mesh domain [65]. The fluid mesh domain looks at how the structural deformation changes
when the mesh domain changes. The rules that define fluid dynamics and structural mechanics
are coupled through a multi-physics process known as fluid-structure interaction. A fluid flow in
the region or inside the wing interacts in a stable or oscillating manner with a flexible or moving
wing to produce this phenomenon. Stresses and strains are applied to the solid object when a fluid
flow comes into contact with a structure, which may cause deformations. Based on the flow's
velocity, pressure, and material characteristics of the structure, these changes can be very big or

very small.

2.3.1 Choice of Partitioned or Monolithic Approaches

To model FSI, there exist two different methods that can be employed. The so-called
"partitioned approach” involves asynchronously enforcing the interface criteria while
alternately integrating the aerodynamic and structural equations over time. The so-called
monolithic approach treats FSI synchronously, which means that at every time step, all
associated equations agree [66]. Due to the modularity of the framework, various models
may be employed in the partitioned method [55]. During the analysis, the data is exchanged
between the two models. Due to the flexibility of the framework, the partitioned method has
many advantages over the monolithic approach in terms of integration [55]. Furthermore, it
has a lower computing cost than the monolithic approach [66]. A new strategy is needed for
the monolithic approach. This can be done if alinear aerodynamic model is used by
implementing the equations of aerodynamic into the structural model to create an aeroelastic
state space system. There are two possibilities for the monolithic method for non-linear

aerodynamic models.
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First, depending on the superposition of the aerodynamic effects due to step deformations,
using integral operations, a nonlinear equation can be fitted into a state-space system [67],
[68]. Second, until a unique convergent solution is found, several FSIs can be carried out in

the same time step.

Generally, the monolithic approach has the limitation of being accurate only for constant
velocity of airflow, which cannot be guaranteed in flight dynamics. As indicated in the lift
equation (2 — 20) the influence of the two cannot be easily decoupled. From equation (2 —
20), C', C" and C"" are constant and C, (V) indicates the velocity influence on lift. The
effect of a.rr and V cannot be dissociated into different terms, consequently
decoupling is not possible. Moreover, C,, (V) will be a parabolic function rather
than a linear function. As a result, when speed is not constant, the state-space of an

aeroelastic system cannot be linear and time-invariant.
1 ! 144 nr
L=3pV%SC, (aterr) = C'V2 Cp (agsr) = C" Cy(V) +C" €, (aefs) (2 —20)

The partitioned strategy is selected for the model due to the aforementioned reasons.
2.3.2 Partitioned Procedures

An adequate approach of solution exchange must be defined to ensure the time accuracy
of a partitioned approach, i.e., consistency between aerodynamic loads and structural
deformation [55]. There are several procedures, which are described here. The first
approach, represented in Figure 2.6 (a), is the so-called conventional serial staggered
procedure. The structural state at time n (Un in the figure) is transmitted to the aerodynamic
discipline (1) in this approach, which progresses the aerodynamic solution from time n to
timen + 1 (2). Therefore, attime n + 1 (Pn + 1 in the figure), the aerodynamic forces
and moments are transmitted to the structural discipline (3), which progresses the structural
solution from time n to time n + 1 (4). This approach is interesting due to its simplicity,
and it is the most common of the partitioned procedures [65]. The aerodynamic solution is
refreshed before structural solution in the provided procedure (a) Serial. This can be reversed
as well. Figure 2.6 (b) depicts the second approach (b) Parallel, which is the so-called

conventional parallel staggered method. At first, the structural state at time n (Un in the
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Figure) and the aerodynamic forces at time n (Pn in the figure) are transferred to the
aerodynamic discipline and the structural discipline, respectively (1). Second, the
aerodynamic and structural solutions are both increased from time n to time n + 1 (2). This
Is a parallel process since it takes place concurrently. When the aerodynamic and structural
models are executed on different processors, this approach is more efficient, but it has lower
stability features [55].

2
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Figure 2.6: Scheme of conventional staggered procedures [65].

Figure 2.7 illustrates the predictor-corrector inclusion to the conventional serial staggered
approach. In this method, the structural deformation at time n + 1 is predicted (U, in the
figure). The aerodynamic state is then progressed from time n to time n + 1 (3) by transferring
this predicted structural state to the aerodynamic model (2). The structural model (4) serves as
the corrector step, receiving the forces obtained from the aerodynamic model attime n + 1. The
structural model is also time-advanced (5). The accuracy of the model is improved by using a

predictor-corrector system, at a relatively low additional computing cost [55].

Figure 2.7: Scheme of predictor-corrector serial staggered procedure.
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2.3.3 Benefits of Using Structures and Aerodynamics Combination

Note that the discussed partitioned method is included in the model. This section
investigates the connection of structural and aerodynamic equations by coupling equations
(2—-2),(2—-3)and (2 —4) in order to construct the final equation of vibration stated in
equation (2 — 21).

_H’l— _h'l_ —h'l_ [ Vl ]
g1 9:1 g1 Hy
$1 $1 $1 M,
My .|+C|. |+K|.|=F=|. (2-121)
hy, hy, hyn Vo
9n In In H,
L$ L& - M

The force vector F covers forces from control surfaces, gravity, and aerodynamics. To
detect the position, orientation, and motion POM of each wing section. The forces acting on
that section are added to the model using the aerodynamic strip theory. The effects of
position, orientation, and motion POM on the forces V, H, and the moment M are

represented in equations (2 — 22) — (2 — 24) for a single spanwise section.

V = Cpad + Cpad + Cyqa + Cpih + Cpph + Cyg (2-22)
H = Cys& + Cyad + Cyga + Cyjh + Cpih + Cyo (2-23)
M = Cyul + Cyad + Cyoa + Cyih + Cyph + Cyo (2 —24)

These equations use coefficients called Cy 4, Cyg, Cyqo, Cyj, Cyj, 10 describe how angular
acceleration &, angular velocity ¢ , angle of attack «, plunge acceleration f , and plunge
speed A influence the vertical force. The coefficients Cyy, Crie Criar Cyi» Cyy, Indicate the
effects of these variables on the horizontal force, while Cy4, Cprao Cprar C s C g represent
the effects of these variables on the section pitching moment. The forces and moment are
unaffected by the vertical position h, however, there is an influence that is unaffected by the
location and orientation factors (for example, gravitational force), which are recorded in

variables Cy, Cyo and Cpyp.
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Replacing equations (2 — 22) — (2 — 24) inequation (2 — 21) to form equation (2 — 25).

This formula represents the vibrational aeroelastic equation.

1
$1

In

_Hl_

£,

+C

_hl_

o
3

In

£,

+K

_hl_

g1
$1

[Cyi1 CvgaCra 0 0 8 hl
Cuiii CugaCphia 0 0 91
o o O
Cumin1 CmgaCrg o $1
0 0 0 - Cyiim Cvgn Cvim h,
0 0 0 . CHii,n CHg',n CH'é,n Jn
0 0 0 : CMii,nCMg,nCMé,n_ -én-
[Cyi1 CvgaCrea -0 0 0 hl
Coin CorssCos . .0 0 0 g1
Hh,1 “Hg,1“HE B
.0 0 0 3
Cumin1 CmgaChygq 1
N . :
0 () 0 - CVh,n CVg,n CVé,n hn
0 0 0 .o CHh,n CHg’,n CHé,n In
0 0 0 .- CMh,nCMg.nCMé,n_ £,
[Cvn1 CvgaCrea 0 0 8 1rhi1 [Cvoa]
Crna ChgiChe 0 g 0 91 Choa
Cvn1 Cug1Cuen 0 $1 Cmo,1
' +
0 0 0 . CVh,n CVg,n CVE.Tl hn CVO,l
0 O O ) CHth Cngn CHéTnn gn CHO,l
0 0 0 . CMh,nCMg,nCMf,n_ —En— -CMO,l-

28



Chapter 2 Aeroelastic Wing Theory

_}il— _h'l_ _hl_
gl lal e
$1 $1 $1
= Maero |t Caero |t Kaero . F0 (2 - 25)
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It is evident from this equation that the vector of response coordinates s and its first and

second derivatives are necessary and sufficient to determine the aerodynamic force terms.

The aerodynamic matrices in the equation are known as the aerodynamic mass matrix
M .0, the aerodynamic damping matrix C,.,o, and the aerodynamic stiffness matrix K.,
because of their similarity to the mass, damping, and stiffness matrices (M, C, and K),

respectively.

It should be noted that the modes become coupled since these matrices contain off-
diagonal elements, although this is a characteristic of all aeroelastic systems [31]. Equation
(2 — 25) clearly illustrates the benefit of utilizing aerodynamic strip theory: the forces and
moments impacting on a spanwise section are entirely depending on that the deformation of
only that section.

2.4 Lifting Surfaces

The addition of lifting surfaces to the model will be explained in the following
section. Control or lifting surfaces should be taken into account since they are a crucial input
for the aeroelastic wing model. A crucial step that shouldn't be overlooked is including flaps
and ailerons' deflections. Unfortunately, the engine, slats, and spoilers will not be included

because the required modal data are not available.

There are various ways to integrate control surfaces in an aeroelastic model. In the first stages
of designing an aircraft wing, it is typical to assume that the presence of control surfaces can be
accurately represented by their aerodynamic contribution [3]. By supposing this, one ignores the

dynamics, actuation systems, and inertia related to the control surface. Based on this supposition,
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a control surface is governed by an infinitely rigid and powerful linear servo actuator that can
regulate both the feedback and the position of the control surface. Figure 2.8 shows a
parameterized spring connecting a flap element to the wing model. A flapping control surface

influences on the modal analysis.
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Figure 2.8: Structural deformation modes connected with a lifting surface hinge spring [69].

Figure 2.8a represents the various modes caused by flap deflection mode. The first mode
seems to be a clear bending mode, similar to that of a wing with no lifting surface. The second is
a flapping mode. The rest mode shapes indicate a twist-flapping mode and a bending-flapping
mode, respectively.

The presence of a control surface, as shown in Figure 2.8b, has an effect on the natural
frequencies of the mode shapes. Each line in this graphic defines a natural frequency and its
accompanying mode shape. The mode form is unaffected by the hinge stiffness if the straight line
is horizontal, indicating that no flapping mode happens. Flapping occurs in the sloping line parts.
The figure shows that flapping happens in various modes when the hinge stiffness changes. When
only the aerodynamic contribution is considered, these effects are neglected. As a result, this
hypothesis is therefore frequently used mostly to stable or lower frequencies aeroelastic

situations[1].
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To make the lifting surface work, it is assumed that when a control surface is moved, an
idealized point force will operate at the trailing edge of the wing in order to capture the
movement of the flapping mode. The discussed point force is determined using equation (2 —
24) [70] where, F is the idealized control force, q is the dynamic pressure and F¢& is the
control coefficient. According to the slender-wing theory, adjusting the control coefficient
F¢& will not change the dynamic pressure q throughout the rest of the wing but will change

the control force F [70].
Fe = qF¢ (2 - 24)

Considering that the control force F' is unchanging throughout a perturbed motion. However,
as the control force is also influenced by the dynamic pressure q, this does not inevitably lead to
a constant control force. Even though this approach is straightforward, it accurately simulates a
flapping control that is located at the TE of a wing [70]. Algebraic equations such as
Theodorsen's function model [71] or a look-up table that uses the input of lifting surface
deflection angle 6 and the effective AoA a. s, could be used to determine the value of the
control coefficient F5 (see Annex A). It is still possible to employ the mode shapes that
were discovered using the methods described in section 2.1, i.e., without a moving lifting

surface.

2.5 Summary

The previous chapter treated the background theory for an aeroelastic wing, and by taking this into

consideration, many decisions about the study of an aeroelastic wing model were made.

Table 2.1 summarizes the methodologies utilized for the multiple studies, as well as the

hypotheses behind them.
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Table 2.1: The methods chosen for the multiple studies and the related hypotheses.

Discipline

Approach & hypotheses

Structures

Structural modal superposition method in a linear

time-invariant state-space system

» Free-free in vacuo mode shapes
» Neglect high frequency modes
» Small deformation

» Modal damping ratio

Aerodynamics

Look-up tables utilizing the quasi-stable oeff

Subsonic flight regime

Neglect the mode shapes with high frequencies

>

>

» Low frequency motion
»  Strip theory

>

Corrected aerodynamic coefficients near wing tip

Lifting surfaces

Inclusion of lifting surfaces

» Ignore lifting surface dynamics, inertia, and
actuation

» ldealized lifting force at TE

Load prediction

Summation of structural and aerodynamic loads fitted

into Simscape Multibody environment

Fluid-structure interaction

Conventional serial staggered partitioned approach
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Chapter 3:

Static and Dynamic Analysis of
Flexible Wing Using LPM and
FEA

In this chapter, an overview of modeling methods is described in section 3.1. Then, an
application of modeling a rectangular-shaped wing using LPM is discussed in section 3.2.
For comparison, the same wing is also treated using finite element import method (see
section 3.3). Thereafter, verification of the validity of the obtained results from the two
methods is carried out using modal analysis through Ansys Workbench software, as
described in section 3.4. In addition, general conclusions that clarify the advantages and
disadvantages of each method are discussed in section 3.5. Lastly, a short summary is
provided in section 3.6. Note that the analytical modeling used in both methods is referred

in [42], [73] in order to model a flexible body through Simscape Multibody environment.

3.1 Overview of Modeling Methods

There are multiple methods for modeling flexible structures. LPM and FE import method
are one of the most widely used. However, these can be computationally expensive and
frequently necessitate special treatment when applied to large multibody models, particularly
those with several physical domains and complex control systems. For extremely detailed
discretization and large numbers of degrees of freedom (many GBEs and joints in the LPM
case, many states in the FEA case), the dynamics become difficult to solve analytically and

numerically.

This study looks at two effective methods for capturing small, linear, and elastic

deformations of a prototype of rectangular wing in Simscape Multibody models.
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3.2 Modeling wing using Lumped-parameter Method

The behavior of flexible bodies has been studied using a variety of methods, and Simscape
Multibody is one of the useful ways for understanding this behavior. In the present study, a
rectangular wing is modelled using an adaptation of the Lumped parameter method.

In LPM, the structure is divided into smaller parts a number of generalized beam elements
that are all identical. Each of the aforementioned beam elements is composed of a body-
joint-body combination, as seen in Figure 3.1. The LPM essentially entails modeling the
structure as a collection of components. The stiffness and damping characteristics of each
flexible element are captured by internal springs (k) and dampers (b), which are used to
derive the static and dynamic response [7]. Each flexible unit (element) is composed of two

rigid body elements named (m1, m2) that are connected through a revolving joint block.

In order to achieve the strongest liaison among units, the LPM wing is more precisely
approximated as a group of discrete flexible pieces joined together through welding (W).
Actually, the ribs of the wing are replaced by the welding (W) [72]. The coupled unit effect
has an impact on the stability. Each flexible wing unit offers one internal degree of freedom

to the body for each type of bending it represents.

Figure 3.1: A flexible cantilever beam model according to the lumped-parameter method [73].

Additionally, the representation in Figure 3.2 (top) depicts the suggested generic wing
construction. The frames Base (B) and Follower (F), which serve as the block's ports, are
linked via a series of flexible elements. The flexible joint in this situation, as depicted by the
Simscape Multibody model in Figure 3.2 (down), tries to combine two bodies with a single
degree of freedom of rotation. This joint, in turn, moves the base (B) and follower (F) in

accordance with a single time-varying transformation. The reciprocity movements of the
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base (B) and follower (F) ensure that the origins of the frame correspond throughout the
simulation. One of the revolutionary primitives' primary functions is to provide a degree of
freedom for rotation. The primitive Pz performs this transition, causing the follower frame to
rotate in accordance with the base frame. Moreover, the variation in the element number is
possible, as it shown in Figure 3.3. This last describes the chain of four element connect together

in order to construct the LPM wing.

Flexible Element
N
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Figure 3.2: top: Generic structure of the wing, down: Simscape Multibody model
of a flexible element [72],[73].

@.—EB FB—FE|B FEB—F|B FE 118 F[E

Flex Element1 Flex Element2 Flex Element3 Flex Element4
Figure 3.3: Chain of four elements.
3.2.1 Description of the Simulink model

The body's boundary conditions, which are enforced by joints, kinematic constraints, or
explicit forces and torques, complete the model. A flexible wing is depicted in Figure 3.4
utilizing the LPM model. The numerous blocks are connected to the world frame and to one
another. The flexible wing block includes all the components required to construct the LPM,
including the flexibility type, number of components, geometry, damping factor, and

material properties.
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We are able to apply an external force and torque on the attached frame from the load's
block. The physical signal inputs define the force and torque. The deflections of the interface
frames relative to the frames of the flexible body model are detected using a sensor block.
As inputs to the deformation model, the sensor signals (position, velocity, and acceleration)

are crucial [72].

(B, .F}
f(x) =0 —
Sensing
K‘- B F
= 2 Al KX 3
Flexible Wing Load
NoofElem: 20 ampjitude: tip_force
&&C Rotation: Z Direction: fy

Gravity

Figure 3.4: Simscape Multibody model of the complete system according to LPM [72].

Several results can be obtained to verify the static and dynamic deflection of the structure.
This model is set up to allow the identification of the various natural frequencies of the wing
at various modes through the application of linearization techniques [73]. Figure 3.5

describes a lumped-wing with 10 flexible elements.

Figure 3.5: Simscape Multibody wing model according to the LPM.

Spring coefficient: The following mathematical formula can be used to determine the

stiffness of the revolute joint:
I = E.I[N.m 3_1
B rad ( )

From equation (3 — 2) we can determine the length [ of an undeformed flexible wing

unit;
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l—L 3-2
= = [m] 3-2)

Damping coefficient: Two damping factors define the wing's dampening. These two
elements allow the damping to adjust to the wing's size and material. Literally, when the
characteristic of material such as density p increases, the damping ratio ¢ also increases, and

the natural frequency w,, decreases.
v" Elastic damping factor (f,;4s:ic): Damping factor for bending and elongation.

v" Shear damping factor (fsj.4-): Damping factor for torsion.

The damping coefficient C used in the flexible elements is calculated according to the following

formulas [42]:

Caending = Fotasic: [ s (3-3)
9 l L(rad sec™).
Copending = felastic-E.A N - 3-4)
Y I l(rad sec™1)]
Corsion = fonear- 2| (-5
I L(rad sec™1).
Table 3.1: Wing dimensions, moment of inertia and material properties [72].
Length (L) 0.3 [m]
Chord length at wing root (C) 0.1 [m]
Area cross-section (4) 8.217.10*[m*]
Area moment of inertia (Ixx) 6.803.10° [m*]
Area moment of inertia (Iyy) 1.906.10° [m*]
Torsion J 2.67108[m*]
Density (p) 2800 [kg/m3]
Aluminum Material | Young Modulus (E) 70.10° [MPda]
Shear Modulus (G) 27.10°[MPda]
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3.2.2 Simulated deflections according LPM

In the MATLAB environment, simulations of the model under consideration are run, and

the results are talked about in the sections that follow.

3.2.2.1 Simulation of Static Deflection versus Number of Elements

In this study, it is not required to be restricted to a set of elements fewer than 10, since it
Is also important to consider topic optimizations and understand how far an element may be
taken in order to reduce the vibrations' amplitudes [72]. The static deflection of a cantilever
wing can be calculated using Euler-Bernoulli beam theory [72]. The bending moment, shear
force, and wing deflection can be figured out using mathematical axioms dedicated to
engineering beam applications [73]. In this case, a rectangular wing can be regarded as a

cantilever beam, so the analytical deflection has been calculated using equation (3 — 6).

L — 0.0048[m] (3-6)
T8El m
N
q=p.A.g =2.2573103 [E] B3-7)

where, q is the uniformly distributed load on the wing. Because gravity has negligible
values, we multiplied it by 100 to clearly show the wing's deflection in the simulation. By
substituting the value of q into the equation (3 — 6) the value of analytical deflection is § =
0.0048 [m]. The remaining parameters used in equation (3 — 6) were previously defined

in Table 3.1. The value is determined by the simulated model is equal to 6§ = 0.0047 [m].

In Figure 3.6 the comparison between the tip deflection of the wing versus the variation
of element number modeled is graphically presented. In the beginning of the simulation,
more specifically in the case of 5 elements the deflection of the wing gives approximately
the same analytical value’s deflection. When the number of elements increases (more than 5
elements), the results of transient simulations closely match theory, especially as the number

of elements grows [72].
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Figure 3.6: Static vertical deflection [72].
3.2.2.2 Case I: Distributed Gravitational Load

The wing is just susceptible to its own weight in this section [72]. The vertical deflection
of the wing tip is displayed versus time in Figure 3.7. The tip of the wing lightly oscillates

between [0, 0.095 m] for around 1.5 seconds before reaching equilibrium.

Tip Deflection

-0.001 Peaks: ¢ = 0.00715] 7
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Deflection (m
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-0.008

-0.009
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Figure 3.7: Vertical deflection of wing tip due to distributed gravitational loads [72].
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3.2.2.3 Case II: Upward Point Force

In this case, as shown in Figure 3.8, the wing structure is subjected to only an upward
point load of 230 [N] during 4 seconds. The point force is removed after 4 seconds allowing
the wing to vibrate lightly between the range of [0 0.0075 m] and to return to its state of
equilibrium. The damping ratio ¢ is determined using the peaks. The analytical deflection at

the free end of the wing is calculated using equation (3 — 8).
3

3.E.1

= 0.0043[m] (3-18)

Using equation (3 — 8), where F = 230 [N], the obtained value from the simulation of
vertical deflection is: 6 = 0.0043 [m]. The damping ratio { can be found from the

logarithmic decrement [73].

Ju=y

Z=—2 3-9)
1+ (55?2
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Y 0.0043317 .

Deflection (m)

o
T

_5 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (s)

Figure 3.8: Vertical deflection of wing tip due to only an upward point force [72].
3.2.2.4 Comparison of elements’ deflection

In this simulation example, different elements are utilized to define the bending of the
wing. For example, the wing is constructed of 10, 20, and 30 elements to show what happens

as the number of elements increases [72].
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Number of elements: In terms of oscillation values, the three graphs in Figure 3.9,
representing 10, 20, and 30 elements, respectively, are comparable. Increasing the number
of elements makes it possible to reduce the wing's deflection. The number of elements and

the deflection of the wing have an inverse relationship.
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Figure 3.9: Effect of increasing the number of flexible elements in LPM [72].

As a result, it can be observed from Figure 3.9 that the wing almost oscillates as the
number of elements grows. Increasing the number of elements by more than 10 is generally

the most effective way to reduce the deflection of the wing.

3.2.2.5 Mode shapes

Linearization is used to determine the various natural frequencies w,, of the mode shapes.
The natural frequencies w,, can be predicted using equation (3 — 10). For the boundary

conditions in this model (fixed-free), 8, = [3.52 22 61.7 121]".

f )
fn Zn\/; (3-10)
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The first four mode shapes of the wing, which were produced via LPM in Matlab code,
are shown in Figure 3.10. In this last, mode shape 1 describes the first pure bending mode
of the wing with a lower natural frequency. Surprisingly, mode shape 4 has a greater natural
frequency and it represents the pure torsional mode. The rest of the modes have lower
frequencies and greater amplitudes; thus, the lower modes are more dominant than the higher

modes. For this reason, in LPM and modal approach we should neglect the higher modes.

5 «10°  Mode Shape 1 4 10° Mode Shape 2
1 2
0.5 0
f1= 894377 Hz | f2=5607222 Hz
0
0 5 10 15 20 0 5 10 15 20
4 «10% Mode Shape 3 . 10% Mode Shape 4
2
0
-2
4 ;
0 5 10 15 20 0 5 10 15 20

Figure 3.10: First four mode shapes [72].
It is important to note that the current deflection formulas correspond well to the
simulated wing model. thus, the numerical simulation of the wing's deflection and the

analytical deflection values correspond fairly well [72].

3.3 Modeling of a flexible rectangular wing using finite element

import approach

In this section, the same wing structure is modeled using another powerful approach of
flexibility by superimposing deflection on rigid wing motion. Figure 3.11 shows the generic

structure of the body represented by these blocks. Each frame (represented by the triad) can
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move along six degrees of freedom with respect to the rigid body. The deflection is
calculated using data supplied by finite element software and entered in the block mask. The
rigid body is given additional degrees of freedom, and the force controlling that deflection
is determined using stiffness and mass matrices obtained from finite element software,
namely Ansys Workbench, or by applying the Graig-Bampton method through Matlab code

in order to reduce the size of the finite element model (i.e., the size of mass and stiffness

matrices).
JLB 4 AF
e
TB “F
f A

1
’ 4 / / L - >
’ / ’
‘ o’ 4 ’ /
’ ’ s

Figure 3.11: Three interface frames and five interface frames, respectively, show how a beam is

built in general [73].

The finite element import method models a flexible wing structure using a deflection
model that relies on data imported from finite element software. Wing deflection is
superimposed on rigid wing motion. The mass of the structure can be assigned to the rigid

wing or distributed across each interface frame.

3.3.1 Modeling methodology:

1- Create CAD and FE model in FEA software, step 1 and 2 in Figure 3.12.
2- Define part interface frame step 2 in Figure 3.12.

3- Import data (Mass matrix [M] and Stiffness matrix [K ] into Simscape Multibody, these
matrices are obtained from FEA models via modal reduction techniques. This leads to
combine a multibody FEA (one from ANSYS the other from MATLAB). Refer to steps
3and 4 inFigure 3.12.

4- Connect joints, forces Figure 3.13.

5- Simulate.
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3.3.2 Subsystem explication

State-space model: From Figure 3.12, data exported from finite element software is used
within the state-space block to calculate the force resisting the deformation of the rigid body.
One interface frame has no degrees of freedom associated with it so that the rigid body modes

of the flexible body are not added twice.

Rigid Body Frame: As it shows from Figure 3.12, the index of the interface frame to
which the rigid body part of the subsystem is rigidly attached. At that point, there are no

deformations because the rigid body is used as a point of reference to measure deformations.

p3 ‘
1 p2

v Loete |

i=AvtBu | State- | ® g

y=Cx+Du | Space

Frame 1
24T |Flex

Rigid

il F
MU YR, fo
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Frames

|

|

w
Transform Transform Transform
T}}. Frame 1 ‘T}L Frame 2 ‘]SL. Frame 3

SelectnOdeDOfs 1
LA
Logged DOFs ) g

A

Rigid Wing

Figure 3.12: Flexible wing modeling workflow.

Interface frame degrees of freedom: In the same figure, an array of size n x 3, where n
is the number of interface frames, containing the locations relative to the reference frame of
the body in its undeformed configuration and with components resolved into that same
frame. These coordinates must match up with where the boundary nodes were placed when

the Craig-Bampton reduced model was made in the FEA software.

Generally, the subsystem shown in Figure 3.13 models the flexible wing. It consists of a

rigid wing and a number of interface frames. In our case, we used two types of modeling:
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flexible wing with three interface frames and flexible wing with five interface frames. All

interface frames except one have six degrees of freedom between them and the rigid body.

f(x) =0
Sensing

T TN B
Flexible Wing Load

..‘*C
]
Gravity

Figure 3.13: Simscape Multibody model of the complete system for 3 interface frames

according FE import method.

Bushing joint subsystem: A bushing joint shown in Figure 3.14 models the degrees of
freedom for the interface frames. Each degree of freedom's position, velocity, and
acceleration are measured and fed into the state-space block equation. The forces and torques
calculated by the state-space block are applied to this joint in order to capture the
deformation response of the structure. A filter is required to break the algebraic loop.

< 1 > B px—> px =
vx——> vx

ax—>|ax

fx py—F>py

vy—| vy

ay—>|ay

pz—> pz
‘ z—> vz
2R
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qyr—D>ay
ty wy—> \lf)vy

Y

S qz—>|qz
wzl—[>{wz
bz—>| bz

Bushing joint Routing

Filter

Figure 3.14: Bushing joint subsystem.
3.3.3 Simulated deflections according FE import Method

Referring to section 3.2.2, Figure 3.15 and Figure 3.16 show the time versus deflections
of the tip of the wing under a distributed gravitational load and an upward point force which
is applied at the free end of the wing (Case Il). In each example, the wing is lightly

damped and achieves stability after about four seconds. After four seconds, the point force
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is eliminated, enabling the wing back to its original position of zero deflection. Only the

internal spring and damping torques of the wing have influence on the return to equilibrium.
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Tip Deflaction
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Figure 3.15: Tip deflection due to a distributed gravitational load.
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Figure 3.16: Tip deflection due to an upward point load.

According to the simulation's results, the tip of the wing attains a state of equilibrium

deflection of &= —0.007719 [m]under a uniform gravitational load and
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6 = 0.004285 [m] under an upward point load. Comparing these values to the results of the
analytical computations, § = —0.0048 [m] for a uniform gravitational load and 0.0043 [m]

for a tip load, respectively.

Dynamic modes: The main goal in Figure 3.17 and Figure 3.18 is to validate the damping
deflection of the wing and to determine the effect of increasing the number of the dynamic

modes in FE import method.

? X10_i3 T T T T T T T T T
n 10 Dynamic Modes
i = == :20 Dynamic Modes
6 r it :{w,' 40 Dynamic Modes T
i | A
5r - A 1
g :‘h‘. 5 .
3] | f E
i) |1 ¥
® L] \/
[m] 3r : : 4
o L
= 1o W 7 R §
2 4
1 -
0 ‘: 1 1 1 1 1 1 0'5 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 3.17: Effect of increasing dynamic modes (3 interface frames).
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Figure 3.18: Effect of increasing dynamic modes (5 interface frames).
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The plot in figures Figure 3.17 and Figure 3.18, respectively, shows the effect of
increasing the number of dynamic modes included in the imported data from finite element
software for a model with 3 interface frames and 5 interface frames, respectively. The LPM
gives accurate results for both static and dynamic bending when the number of discrete
elements changes. Similar for the second method, when adding more dynamic modes and

changing the interface frames leads to an accurate result.

As shown in Figure 3.19, this plot compares the vertical deflection of a wing due to an
upward point force. Three (03) interface frames and five (05) interface frames are compared

in order to validate the change of the interface frames.
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Figure 3.19: Compare vertical deflection of wing with 3 interface frames, 5 interface frames.

The plot shown in Figure 3.20 compares the simulation results of both wing models.
Approximatively, the wing deflection in both methods is roughly the same. This step was
performed to set the damping factor, which is most reliably set using measured data. The
elastic damping factor in the lumped parameter model was tuned until the simulation results
matched the results from the FE import beam model. It should be noted that all the obtained

simulations of comparison study are done using case I1.
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Figure 3.20: Compare vertical deflection of wing using LPM and FE import method.

3.4 Ansys Simulations using Modal Analysis

In comparison, a third method was developed using Ansys workbench software to
validate the model used in sections 3.2 and 3.3 once more. The overall deflection and various
modes of the wing are determined by structural and modal analysis using the finite element
method. These software programs have automatic algorithms that automatically extract the
data needed for pre- and post-processing. To confirm once more the minimal deflection of
the wing structure, a comparative evaluation of the resulting deflection using analytical
calculation, LPM, FE import method, and FEA in ANSY'S software is carried out in

Table 3.2.

Table 3.2: Comparison study of the obtained deflection from analytic, Matlab and Ansys.

Equilibrium Ansys
deflection LPM FE import method software
(analytic) simulations
Self-weight 0.0048 [m] 0.0047 [m] 0.0077 [m] 0.00456 [m]
Tip load 0.0043[m] 0.0043 [m] 0.0042 [m] 0.00428[m]
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For comparison, Table 3.3 summarizes the different values of the vibration frequencies
of mode shapes, which are obtained from analytical theory, the lumped parameter method,
the finite element import method, and finite element analysis in Ansys software. To obtain
a similar value of vibration frequencies, we combined 30 elements of the wing structure in

the LPM and 5 frames with 80 dynamic modes in the FE import method.

Table 3.3: Comparison study of mode shapes obtained from analytical theory, lumped parameter
method and finite element analysis.

Approaches Vibration frequency [Hz]
Analytical

) 89.54 560.72 535.2 2866.9
Calculations
LPM (30 elements) 89.43 560.72 1568.91 3068.87
Ansys software 91.54 562.02 1535.2 2866.9

2000 a0 0100(m)
[ Q075

(@) Self-weight, § = 0.00456 m

L 0050 8100 (rm)
[ SN S—
a0s ars

(b) Tip load, § = 0.00428 m
Figure 3.21: Upward and downward deflections of wing tip.
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Obviously, as it is shown in Figure 3.21, the first case depicts the bending of the wing
when it is subjected to its own weight. The second case is returned to the tip load. Logically,
the most influenced zone (red color) exists in the free end of the wing and it defines the
bending of this last. In a comparable way, Figure 3.22 shows a comparative examination of
the various natural frequencies using both methods. The similarity of the different natural
frequencies derived from the Matlab code and the Ansys program is demonstrated by both

Ccurves.
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Figure 3.22: Comparison of mode shapes.

Figure 3.23 (a-d) depicts the first four mode shapes acquired from the finite element
software, similar to Figure 3.10, where the mode shapes were derived using Matlab. To be
clear, the mode shapes that were previously obtained using LPM exactly match the results

of the finite element method in terms of natural frequencies and mode shapes.
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Figure 3.23: First four mode shapes obtained from finite element software.
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3.5 General conclusions

Each approach has benefits and drawbacks [42]. For modeling flexible bodies with chain-
like geometries, LPM is simple and rapid in term of implementation given that it takes a
place in Simscape Multibody' toolbox, but it is more complex, ambiguous, and hence less
helpful for modeling bodies with great dimensional geometries, such as wing structures with
variable cross-section. The curvature bending moment is also represented by the reduction
to independent GBEs. It seems to be difficult to apply the moment on each joint as a function
of its own and neighboring joints' deflections in order to accurately estimate the curvature

moment.

Hence, implementing the FEA approach is simple for any geometry as well as any
number of degrees of freedom. Additionally, it is better suited to issues with control design
and analysis. Once your FEA is integrated into a Simscape Multibody environment, this
method introduces algebraic loops while Simulink searches for an appropriate solution for

the acceleration of the massless bodies [42].

The LPM can be developed to represent more complicated geometries, such as airplane
wings, as mentioned in section 2.1.2, although other method, such as the modal approach, is
more suited for modeling these types of geometries [42]. Moreover, the LPM also becomes

more accurate when it is used with a real experimental equipment.

To this end, the above comparative study can be extended to model a flexible aeroelastic
wing using a developed modal superposition model based on state-space systems. Because
the concept of the wing by FE import method into Simscape Multibody appears to be a close
match to the modal approach, particularly in behavior response. Additionally, in both
methods, the state-space system is the most important part to determine the structure’s
position, motion and orientation. The use of this approach paves the way to predict the
structural and aerodynamic forces and overall deformation of the moving wing section in
different aeroelastic nodes (treated in next chapter). For this reason, the methodology of the
aeroelastic wing model will be detailed and validated using structural modal approach in

chapter 5.
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3.6 Summary

In this chapter, a comparative study was made using LPM, the FE Import method, and
FEA in Ansys Workbench. The two first approaches are provided in MATLAB code and
the Simscape Multibody environment, also called "Simscape Multibody,” while the third
method is created in ANSYS and it is used to confirm the obtained results of the wing’s

deflection from the Simscape Multibody model.

Approximatively, both methods are a perfect match when it comes to modeling the
dynamics of simple flexible structures that have a constant cross-section. Furthermore, the
obtained results from both methods provide nearly the same results as in the third approach,
namely the upward and downward deflection as well as mode shapes from the conventional
formulas that fit in with the deflection obtained from the discussed model in Simscape
Multibody. Thus, the analytical deflection values are a good match with the simulation

wing’s deflection.
The lumped parameter approach and the finite element import method in Matlab and

Simscape Multibody can be used to describe the static and dynamic behavior of simple

flexible geometries in a reliable way.
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Chapter 4.
Modeling Aerodynamic Loads
Using MATLAB Code and FEA

In this chapter, a static study is performed on a standard aircraft passenger. Firstly, the
analytical study of structural and aerodynamic loads is presented through Matlab
environment. Secondly, the different aerodynamic loads such as Aerodynamic lift, weight
of the wing structure and weight of fuel stored in wing are defined in [75] and discussed in
the following sections. Thirdly, the total load profile is derived by coupling the three
components previously mentioned. Finally, the aircraft’s parameters are implemented in the

model in order to provide results for the standard aircraft.

4.1 Aerodynamic Lift

As it is show in Figure 4.1, the distribution of lift density g, is defined. Then, the lift
coefficient ka including units and express lift as a function of the aircraft weight W, ,;4; is

solved.

/ [ : = . x
Iy I ! !
1 ‘ [ | \ / Wing L
/ \
f ~__—

Figure 4.1: Lift on the wing [27].

From Figure 4.1, seemingly, the lift profile has the following elliptical equation:

q.(x) = ka+/ L? — x? “4-1
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Integrating along the length of the wing to obtain a lift load.

L

LiftLoad = f ka+/L? — x?dx 4-2)
0
, m L2ka
LiftLoad = 2 (4-3)

For our axisymmetric model of half the plane of the aircraft load factor (n) that leads to

mathematically writing:

n/2 == LiftLoad/Wtotal

From [27], the load factor (n) takes a value of 1 when straight and level flight are
concerned, while it exceeds the value of 1 during other conditions. Precisely, the lift
surpasses the aircraft weight. The lift profile coefficient ka is figured out. Then, the resulting

ka term is substituted into g, the expression of q; (x) is:

2 meln VLZ_xZ

m L?

q.(x) = (4—4)

This analytical model paves the way to understanding the various parameters effect on
the lift load. For straight flight, equation (4 — 2) becomes: The lift occurs at the base of the

wing when (x = 0).

q.(x) = 2Wiorar/TL (4-5)
4.2 Load due to the weight of the wing structure

The weight of the wing structure is shown in Figure 4.2. Assuming that the load is
proportional to chord length (L), which is greatest near the root (C,) of the wing and tapers
off linearly, it is getting closer to the wing's tip (Cy). The equation (4 — 6) is then used to
calculate the weight of the wing structure.

Cr—Co

L

Awing = kw( x + CO) (4-06)
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Integrating gy ing along the length of the wing to obtain the total load due to the weight

of the wing structure.

L

Cr—Go
structLoad;yia = f kw( X + C0> dx “4-7)

0
CoLkW+CTLkW>
2 2

structLoadgey = ( (4-98)

I .——*'_"' i /
1 7
b et ——

Figure 4.2: Load due to wing structure weight [27].

The structural load can be expressed in terms of load factor n and weight of the wing

Wiving, then the load factor n is calculated and substituted into equation (4 — 10).

COLkW_I_CTLkW

n 2 2
—=- (4—9)
2 WWing

Wwing n (Co L — Co X + Cr X)
12(Co + Cy)

Awing (x) = - (4 —-10)

4.3 Load Due to Fuel Stored in Wing

As shown in Figure 4.3, the fuel tank is placed inside the wing to amplify the lift load
while reducing the net load on the wing. The fuel load is illustrated in Figure 4.3.
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Figure 4.3: Load due to the weight of the fuel stored in the wing [27].

The magnitude of this load is calculated similarly to the structural load, which results in
a solution accordingly. However, since the fuel storage does not reach out to the wing tip,

the load profile is exclusively located in the middle of the wing.

_ Wryein (Cor Lp — Cop X + Crp X)

Lg* (Cor + Cr)
0 otherwise

qr (x) = if X <Lp (4 — 10)

4.4 Overall Load

To calculate the total load, add the aerodynamic lift, structural load, and fuel load. The

equation (4 — 11) is the overall load.

qar = q, + qw + 4qf (4—-11)

_ Wryel n (Cop Lr — Cop X + Crp X)

ar = 03 — 0y if X<Lp
L? (Cor + Crr) (4—-12)
0, — 0y otherwise
Where
- Wwing 1 (Co L—Co X+Cr X) - 2WrotarnVL2—X2
1 L2 (Co+Cr) SR L’n

4.5 Aircraft Parameters

Once the mathematical model is built up for the wing loads, it is used to assess the
physical and geometrical parameters of the aircraft. The studied model of aircraft has the
following parameters in Table 4.1.
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Table 4.1: Standard aircraft technical specifications.

Weotal 6325 [N]

Wwing 780 [N]

Wryel 823 [N]
L 15.24 [m]
Lg 2.4 [m]
Co 2.15 [m]
Cr 1.07 [m]
Cor 1.5[m]
Crr 1[m]
n 15

4.6 Verification of the Modeled Loads

As it can be seen in Figure 4.4, aerodynamic lift contributes the most to the total load,

knowing that the maximum load resides at the end of the fuel tank. The weight of the wing

has a lessened effect on the entire load, while the fuel load is significant.
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Figure 4.4: Different profile of wing loads.
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4.7 Finite Element Analysis

This study is based on a finite element analysis of the considered wing [22]. Firstly, a
static stress analysis of an aircraft wing is done in order to obtain wing deflection.
Furthermore, the obtained results are graphically represented by a 3D view. Note that the
wing structure is considered a rectangular shape to simplify the mathematical model. The

general steps for this analysis are outlined below:

[EEN
1

Importing the CAD model in STL format.

N
1

Meshing the CAD model of the Wing, Figure 4.5.

3- Defining material properties. Table 4.2.

4

Boundary conditions, Figure 4.6.

Table 4.2: Materials properties

Material Designation Aluminum Alloy
Young’s modulus 7.3 10° [N/m2]
Poisson’s Ratio 0.33

Figure 4.6: Fixed wing from Face 2.
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4.8 Results and Discussion

The analytical pressure load is established to determine the total load with the appropriate
3D Model of the wing. From Figure 4.7, since the lift load is most contributor comparing to
the other loads, the resulting lift load at the bottom surface of the wing is shown below and
disseminated uniformly. The lift load produced by the wing is corresponding to the area of
the wing. Given that the wing is rectangular in this instance, lift distributes uniformly. As
shown in Figure 4.8 (left), the most displacement is located on the wing’s tip along the Y
axis, while the maximum von mises stress is found at the wing’s root Figure 4.8 (right).

Concludingly, both deformation criteria are caused by the effect of the pressure load.
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Figure 4.7: Analytical pressure load [22].
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Figure 4.8: Left: Displacement of the wing along Y axis; Right: Von mises stress and

displacement [22].
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4.9 Summary

The analytical modeling of wing load for a standard aircraft was treated in details in this
chapter. The integration and simplification of many mathematical equations was also
established, in the sake of determining each load acting on the wing structure and to obtain
the overall load profile. Additionally, the lift load, wing, and fuel weights that affect the
wing were combined with other physical and geometrical characteristics. The most
significant phenomenon to analyze is aerodynamic loads, hence the constructed model
analytically identifies the key factors that affect how the system behaves. Furthermore, finite
element analysis was performed using a callable MATLAB function to determine pressure
distribution, von Mises stress, and displacement. Finally, the obtained results were

graphically represented and discussed.
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Chapter 5:
Aeroelastic Wing Methodology

and Verification

This chapter examines the application and testing of the AWM, which depends on the
theory that was discussed in chapter 2.

In the following, section 5.1 explains the general concept of the model. The Simscape
Multibody model description will next be discussed in section 5.2. Section 5.3 included a
qualitative and dynamic evaluation of the response. Finally, a brief summary is presented in

section 5.4.

5.1 General Concept

According to this concept, a flexible wing is made up of a number of separate wing
sections that are capable of moving freely of one another. This idea is shown in Figure 5.1,

where the grey body is the rigid wing and the blue sections are the parts of the flexible wing.

E==

Figure 5.1: Flexible moving wing section overlaid on a rigid wing.

A rigid and a flexible wing coexist side by side in the model. The aeroelastic wing's actual
location is represented by the flexible wing. Each aeroelastic node's vertical, horizontal, and
pitch-up deflections are determined by the state-space system. The e.a. point in the spanwise
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center of a section is described by the aeroelastic node of that section. Gravitational forces
and the aerodynamic that applied on the wing structure are considered as an input for the
state-space model. However, the rigid wing (grey wing) permits both rotation and translation
of the wing root (the part embedded in the fuselage). Furthermore, it allows the calculation

of the root forces and moment using the SOF (see equation 2 — 25).

5.2 Explanation of the Simscape Multibody Model

In what follows, a description of a wing model through Simulink and Simscape Multibody
in the Matlab package is given, based on the organigram design of the model given in the

figure below.

The important blocks shown in Figure 5.3 can be created and treated as follows:

The blue blocks describe the environment in general.

e The white blocks represent the aeroelastic and the special nodes (flexible wing
parts).

e Arrigid wing is represented by grey color.

e A state-space block is defined by orange color.

5.2.1 General Environment

Different functions are performed through the general domain blocks.

Time: In order to create figures, the "Time" block saves the time to the MATLAB

workspace.

Atmosphere: For the specified flight altitude, the air density is defined using the
"Atmosphere™ block.

Gust: The gust that is implemented in the aeroelastic node blocks is produced by the
"Gust" block. With a"1 - cos" profile, the block is capable of producing a vertical gust speed.
This kind of gust is referenced extensively in literature [53], [54], [76] as well as in laws like
Certification Specifications 23, [77] and Certification Specifications 25, [78]. The gust form
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is defined in equation (5 — 1), where ¢, is the simultaneous gust vertical velocity, @, is
the highest gust velocity value in vertical direction and L, is the gust length in terms of the

time required for a point on an airplane traverse it [53].
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Chapter 5 Aeroelastic Wing Methodology and Verification

Controls: The "Controls™ block is utilized to configure a certain magnitude of control
parameters of the wing: flap element deflection (6f,a) and aileron element deflection
(64, ). It should be noted that the user defines the deviation angles of both elements (flap

and aileron) directly and not via pilot action (see Annex A).

Machine Environment: This block is used to define the different simulations of
deflection response for the model. Also, it defines the gravity vector as having a value of
zero. Gravity should not be included in this model; instead, gravity should be specified as a
parameter input through the state-space system block [42]. As a result, weights are integred

in the aeroelastic node blocks.
The ""Ground" block connects the model to the "*Mach Env'* block.

5.2.2 Aeroelastic Nodes

The backbone of the aeroelastic wing is the aeroelastic nodes. Consider Figure 5.3, which
illustrates how various blocks interact. Although there are just two wing sections shown in

this figure, it's possible to add multiple sections to the model [42],[73]

Forces & moments

State-space
X=Ax+Bu

1

'

1

'

1

: |
—_— y=Cx+Du —

T
)
L}
)
Sensor ' Sensor
.
]
m=0 ' m=0
e 1 6 Massless bodies
: for flexible wing
J=0 : J=0
i
)
[}
]
)

e 1
Displacement, deflection

I & time derivatives

m=my m=ms
o B - EE—— @ | e
J=]; J=1,

Figure 5.3: Simscape Multibody model of one aeroelastic node which contains one massless

wing divided on two sections.
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The rigid wing base is at the bottom and is made up of bodies that are joined together by
welding in order to form a rigid wing structure. In addition, the rigid wing sections represent
the mass and moment of inertia of the wing sections. An actuatable joint that may move
vertically, horizontally, and pitch up is attached to each rigid body section. The massless
bodies that represent the flexible wing position are joined to these joints. Furthermore,
sensors are used to detect the movement of each mass of the wing sections, such as position,
orientation, and motion POM. Then, using aerodynamic analysis, the moments,
gravitational forces, and force applied to the section are determined. Finally, a state-space
system determines the POM of the massless bodies after receiving these forces and
moments. The system is finished when this data is used to operate the joints mentioned
earlier. By using this method, you can simulate a flexible wing in the Simscape Multibody
environment. Since Simscape Multibody can only simulate rigid bodies, this solution is
required [42]. Aeroelastic node blocks are responsible for determining forces and moments

and actuating massless sections.

Definition of forces and moments: A state-space system transmits position, orientation,
and motion (POM) to each "Aeroelastic” block by a "From™ tag, which is used to define the
moments and forces. After that, it uses a "Goto" tag to transfer the forces and moments (FM)
to the state-space block. Aerodynamic forces and moments are calculated using look-up
tables, as was mentioned in section 2.2. The effective AoA serves as the input for these look-

up tables.

One must first understand the various reference frames that are used in order to fully grasp
how this angle of attack is determined. The X-axes for the used reference frames are
represented as lines in the vertical plane in Figure 5.4. Names of coordinate systems, angles
between them on the left, and how to use them on the right are all given in the box. Every

one of these reference frames was chosen for the analysis for various reasons.

First, Earth reference frame Fz is used to determine the weight W, the airplane wing
advance speed u, and the airplane wing descent speed w. (It's crucial to remember that the
impact of the gust velocity ¢, impact is included in the effective aircraft wing downward
velocity). Second, the lift force L and drag force D are defined using the aerodynamic

reference frame F,. Third, there is the body-fixed reference frame F,,. Fourth, the rigid-wing
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reference frame F,.,, is utilized to define the mode shapes. Note that the forces and mode
shapes are defined in F,.,,. (Refer to section 2.2). These two forces are the forward force H
which is parallel to E,.,, and the downward force V which is orthogonal to the E.,, , also the
pitching moment M; is included in this model. Now, we can use the effective flexible-wing

reference frame Fy,, ¢ in the sake of defining the effective AoA. Since the data of thrust

force are absent Fy,, will not include in the model calculations.

Horizontal - W,u,w

Pitch angle 9)

Rigid body rotation '[)

Vehicle-carried normal Earth reference frame (Fg) -"~,‘ ~

Flight path - L,D

“, - ~, Aircraft longitudinal axis
Aerodynamic (air-path) reference frame (F,) ", ~ ~.

Body-fixed reference frame (F,) S Rigid wing plane - modes,V,H,M
3 Vo H,
—_—————— Rigid wing reference frame (F.,) ., ~

-------- Flexible wing reference frame () , ™ Local flexible chord line - T

———————— Effective flexible wing reference frame (Fp, o)

- Effective local flexible chord line

Figure 5.4: Representation of different reference frames and twist angles obtained from

literature.

Given that the preceding reference frames have been found, the angles between these
references can be addressed. Several of the angles, namely V,H,S and M, are needed to

identify the parameters input for the state-space system, which is in the E.,, frame.

The first angle that should be defined is the angle =, which is a component of the rotation
matrix for rigid bodies. It is the matrix of transformation between Fy and E.,,. This may be
determined in Simscape Multibody using a body sensor. It is used to convert the section
weight W from Fj to E.,,. The next angle that needs to be calculated is the effective AoA of
the flexible wing ay, .rr. The coefficients of aerodynamic forces and moments are
computed using this effective angle of attack. Equation (5 — 2) can be used to determine it,

where, b is the semi-chord, C is the effect of the pitch speed on the effective AoA. In
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addition, a,., is the rigid wing AoA, a is the distance between mid-chord and elastic axis in
semi-chords, u,., is the forward velocity in the F,.,, & is the aeroelastic twist deflection, w,.,,,

is the downward speed in the F., and & is the aeroelastic twist deflection.

) b(%—a)cosfé

u’T‘W

WT'W

Afweff = Arw +§ + ¢z = tan_l( ) + & + tan™ (5-2)

T™W

We remember ¢ and £ and from the state-space system, where the dot indicates a
derivative with regard to time. Additionally, u,,, and w,.,, can be computed using the rigid
wing body's speed in the F frame (covered in section 5.2.4). Once that is done, it should be
converted from Fz to E.,, using the rotation matrix that contains angle z. A body sensor can
detect the rotation matrix as well as the velocities. The user-input gust velocity w, and the
aeroelastic plunge and sweep speed, which are defined from the state-space system, should
be added to these velocities. User input for the final two parameters, a and b, enables the

computation of ay,, . and hence the calculation of the coefficients of moments and forces.

The rigid-wing AoA a,.,, described in equation (5 — 2), is the final angle. The lift and
drag forces are transformed from F, to E,.,,, using this angle. Assuming that these forces and
moments are determined in the F.,, frame, the aerodynamic forces and gravitational forces
are transferred from the a.c. to the e.a. and from the c.g. to the e.a. The forces and moments
as they work on the elastic axis and in the E,., frame is determined at this moment (i.e.,
V,H,S and M). The "Aeroelastic" block's output is delivered to the state-space group
through a "Goto" label.

Determination of mlb motion: The massless body mlb is found in the " Aeroelastic"’
block, which is used to determine the motion of it by a joint actuator. The means of actuation
(three aeroelastic degrees of freedom) are simple "Joint Actuator” blocks attached to a planar
joint that allows for pitching rotation, plunging, and sweeping translation. Motion (in the
opposite direction from the forces) that arrives from the state-space group via a "From™ tag
is used for actuation. The mlb has zero weight and inertia for the sake of avoiding other
forces than those given to the state-space block from working on the multibody system. As
previously stated, the mass and inertia of an mlb are ignored in order to avoid incorrect

forces when the bodies are moved.
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5.2.3 Special Nodes

In this section, special nodes represent the control surfaces, such as flaps and ailerons.
They send the forces and moments to the state-space block in order to compute them; on the
other hand, they receive the POM from it. They also activate an (mlb). Note that an milb
represents an object on the wing instead of a section of the wing. These could be ailerons
and flaps. A tip node is always included as well. We will now talk about these three unique
node types.

Special Lifting Surface Node -Flap: The "Flap"” block demonstrates the aerodynamic
impact of flap deviation. The influence of flap deviation is described as an idealized point
load acting on the TE of the spanwise center of the flap, as it is mentioned in section 2.4.
Applying downward flap deflection at the trailing edge leads the wing to twist downward,
closely simulating reality [70]. Using the assumption of look-up tables in order to calculate
the aerodynamic coefficients based on the flap deflection angle &, from the "Controls™ block
and the effective AoA ay,, . Of the local flexible wing section. There are two options: &;
come from the "Controls™ block and ay,, . are calculated similarly to aeroelastic nodes.

Furthermore, the forces are then translated to the F.,, frame, similarly to how it was with the

aeroelastic nodes.

Special Lifting Surface Node-Aileron: The "Aileron™ block functions similarly to the
"Flap" block, but uses different input parameter values.

Special Tip Node: It is necessary to include the "Tip" block to compute the data for tip
deflection. In the same way, this is done by the state space block, which sends the POM to
the tip node and measures the mlb that shows the aeroelastic tip node.

5.2.4 Rigid Wing Basis

Wing root: The wing structure is joined to the "Ground" block by the "Wing Base"
subsystem. In Simscape Multibody, we can set the wing root's translation, rotation, and time
derivatives by utilizing a bushing joint, which has six degrees of freedom. Examples include

the wing's forward speed and setting angle. At this bushing joint, the root moments and
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forces are measured. (The same concept applies to the bushing joint discussed in section
3.3.2).

Rigid wing nodes: Each aeroelastic and special node has its own body block in the "Rigid
Wing" subsystem. These body blocks are joined together by welds to provide the appearance
of a rigid wing. The collection of body blocks depicts the wing's physical geometry, such as
its sweep and dihedral, i.e., a clean wing (see Figure 5.5). This enables the connections
between the rigid wing and the aeroelastic special node to be placed where they should be,
specifically on the elastic axis of the wing. As a result, rigid body velocity measurements
are correct for each node, even in situations like yawing motion, when outboard nodes move
more quickly than inboard nodes. It should be noted that the wing under consideration in

Figure 5.5 is a rigid wing with control surfaces (flap and aileron).

Figure 5.5: A 3D CAD model of the considered wing with aileron and flap.

The forces and moments obtained in the aeroelastic and special nodes must be applied to
the system at some point in order to execute the Summation of Forces SOF. This cannot
apply to massless bodies because they are already actuated by motion. Because of this, the

rigid wing is subjected to the forces and moments.
5.2.5 State-space Group

This system is represented in Figure 5.3 by the orange blocks. This group is comprised of
four components. This collection of blocks is responsible for determining the POM of the

nodes according to the forces and moments acting on them.
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From tags: In the aeroelastic and special node blocks, the forces and moments acting on
each node were calculated. For transmitting data, "Goto™ and "From" labels were employed.
Each node's forces and moments vector [V H S M] is delivered via "From" labels, and a

"Mux" block is used to assemble them into a sizable input vector.

State-space Function: As it was previously mentioned, the state-space group is the
fundamental part of the model (refer to section 2.1), and it is also included in the "State-
space with Delay" block. First, the input vector is changed to contain a series of [V H M] for
each node rather than [V H S M]. Then, this changed input vector is sent to a state-space unit,
which makes an output vector with the position, orientation and motion of the nodes, the

amplitude of the modes, and time derivatives related to them.

This model incorporates a partitioned method, as was mentioned in section 2.3. From
Simscape Multibody' toolbox, a block called "Unit Delay External IC™ was used in Simscape
Multibody for this purpose. This indicates that the state-space system's output is postponed
by a one-time step in order to synchronize the prediction and the computation of the
aerodynamic forces, moments with those of POM at the same time inside the state-space
unit. Thus, model treatment does not take a long time. Initial conditions for the delayed state-
space block can be provided by the programmer in the manner of an initial state vector and
an output vector. The output vector is modified in the final phase to ensure just the nodal
information POM and not the modal data is transmitted to the following blocks.

Rearrange: The components in the "'State-space Function' block's output vector will
then be rearranged using the ""Rearrange’ block. It enables the output to be separated into

discrete sections for the various aeroelastic and special nodes via "'Goto" tags.

Goto tags: Lastly, the output is then divided via a "Demux" block, and the various output
vectors that contain the POM for the various nodes are transmitted to the "Goto" labels for

the aeroelastic and special node blocks.

5.3 Ansys and Simscape Multibody Simulations

The finite element software Ansys Workbench is employed to establish the mode shapes

for the wing. Figure 5.6 depicts the wing's first, third, seventh and ninth modes. Greater
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modes are more complicated than lower modes, and, as a result of their greater stiffness, i.e.,
natural frequency, they often have a smaller amplitude. Annex B covers all the data obtained

by performing a modal analysis for the first six modes.

Mode 1 — 1.685 Hz. First bending mode shape: Upwards vertical deflection + Small pitch-down

twist moment.

——

Mode 3 - 5.024 Hz. First sweeping mode shape: Forwards and backwards deflection.

| il

Mode 7 — 15.018 Hz. Second bending and twisting mode.

7
Mode 9 - 22.113 Hz. A higher mode.

Figure 5.6: Modes shapes: 1, 3, 7 and 9 obtained from FE software.
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5.3.1 Aerodynamic Input

Simscape Multibody uses aerodynamic data to construct look-up tables. Note that look-
up tables are integred in Simscape Multibody toolbox. Firstly, the programmer should enter
the following inputs: vector of angles of attack a, as well as drag coefficient Cp, lift
coefficient €, and moment coefficient C,, vectors. Different coefficient values can be
defined using the model at various spanwise sections. This makes it possible to use a tip
correction, in which the aerodynamic coefficients are decreased close to the wing’s tip
(described in section 2.2.3). Secondly, equations (5 — 3) can then be used to calculate the
section lift force L; , drag force D;, and pitching moment M; . Thus, the section surface area

S;, the section mid-chord c;, and q is the dynamic pressure.

L; = qS;Cp(a), D; =qS;Cp(a), M; = qS;c;Cy(a) (5-3)

Furthermore, as it mentioned in section 2.4, elements of control surfaces flap and aileron
are integred in the wing model. Thus, their parameter inputs must be also included in the
model. In other part, the discussed assumption of neglecting dynamics, inertia and actuation
of flap and aileron and idealizing control force coefficient C;,, force coefficient C; atthe TE
of the wing, these force coefficients must be represented on matrix form. In equation (5 —
4), the force coefficients are in function of the control surface deflection angle § and the
AOA «. Equation (5 —4) demonstrates how to get forces and moments from their
coefficients. Keep in mind that the control coefficient equation (2 — 24) was used to derive
these equations.

L =qC.(a,9), D = qCp(a,d) (5-4)

Final step is about the input of aerodynamic forces and moments for calculations, these
forces should also be calculated in a pre-processing phase. Annex A contains all of the
important aerodynamic data for the wing. These data were obtained directly from a
DATCOM model. For more information, this DATCOM is a sizable collection of equations
used in the modeling and construction of aircraft, more specifically aircraft wings. The
DATCOM output contained wing aerodynamic data that was immediately useful, however

the aerodynamic data for the control surfaces needed some MATLAB processing.
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5.3.2 Qualitative evaluation

The initial essential examination of the model is a qualitative evaluation of the reaction
to gust, lifting surfaces inputs. This provides an overview of the model's functionality and
capacities. The wing model is discussed in section 5.1 and covered in detail in Annexes A
and B. In the boundary condition inputs, all analyses assume that the wing is traveling (i.e.,
moving) forward at a constant speed of 133 m/s and with zero AoA, therefore the local

A0A of wing parts is determined by the wing twist and wing setting angle.

Refer to gust’s equation (5 — 1), beginning after of one second [1s] with the values of
gust length L, = 1s and maximum gust speed ¢, = 11.15 m/s. Figure 5.7 represent the tip
deviation caused by a "1 — cos" upward gust as specified by CS regulations [78]. Vertical
deflection is positive in the upward direction, horizontal deflection is positive in the forward

direction, and twist deflection is positive in the pitch-up direction.

As can be seen from Figure 5.7, the wing tip is in stable position at the beginning of the
study. The response of vertical and horizontal displacements at the wing tip is anticipated
through the period of the gust maneuver, i.e., between 1 and 2 seconds. Furthermore, when
there is an upward gust (vertical gust), the effective angle of attack a, s, increases, causing
the lift and drag to increase (as shown in Figure 5.7 a-b). The result of this physical
phenomenon is a backwards and upwards movements of the tip. Keep in mind that the
backward and upward movements are caused by the drag force and the lift force,

respectively.

On the other side, the twist deflection is unanticipated because in the case of greater
effective angle of attack a, ¢, the simulation should be appearing an aerodynamic pitch-up
deflection instead of a pitch-down deflection. In this case, we should return to the first nine
mode shapes previously represented in Figure 5.6 in order to explain this contradiction. The
first mode shape is known to generally combine an upward vertical deflection with a pitch-
down twist displacement. Hence, this mode existed during the simulation. For this reason,
the wing tip pitches down. Following the gust, the tip oscillates and returns to its initial

position.
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Figure 5.9: Response of Tip deflection for a forward-moving wing after a 10° downward aileron
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deflection.

5.3.3 Dynamic Evaluation

The model's steady-state behavior was checked in the preceding section. The following
section deals with the model's transitory response. Two ways of validation will be used.
Firstly, a decay envelope analysis will be used to validate the model's damping when the
wing is subjected only to structural load. Moreover, the dynamic response of the wing when
it is under all forces (i.e., structural and aerodynamic forces) is evaluated in order to verify
the model's dynamic aeroelastic response. Finally, the dynamic response after periodic gust

parameter inputs is evaluated in order to confirm the model's dynamic aeroelastic response.
5.3.3.1 Modal Damping Evaluation

The oscillatory decay that damping causes governs the deflection’s transitory section. The
structural modal damping ratio ¢, which is generally equal to 0.020, can be given by the
operator to the model. To determine whether the decay is occurring as expected, one might
examine the time history of the modal amplitudes. The decay envelope method is described
and applied in this section.
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The sites of local peaks can be identified during the simulation. Following that, these
peaks are used to fit a curve in equation's (5 — 5) exponential form. A and B are curve fitting
constants, and g, is the modal amplitude of mode r in this equation. Following this fit, the
modal damping ratio ¢, may be calculated using equations (5 — 6) by using the curve fit

constant B and the natural frequency of the mode w,

a,(0) = Ae® (5-5)
B
& =—— (5-6)

Table 5.1: Modal damping ratios of the first ten modes.

Mode All loads Only Structural Loads
1 0.076 0.022
2 0.020 0.020
3 0.059 0.020
4 0.023 0.020
5 0.024 0.020
6 0.020 0.020
7 0.019 0.003
8 0.025 0.020
9 0.020 0.020
10 0.021 0.020

The simulation involved two alternative load conditions. All forces, including
aerodynamic forces, weights, aerodynamic moments, are present in the first load scenario.
The aerodynamics are nonexistent in the second loading situation. Table 5.1 presents the
results. The modal damping ratio for all modes ought to be 0.020 if structural damping is
the only source of damping. This is only accurate, as shown in the table, when aerodynamic
forces are not present and only structural damping exists. The dynamic analyses are carried

out as planned because all modes in this load example have a damping ratio of 0.020.

Figure 5.10, which displays the first mode with structural loads, serves as an illustration
of such a decay envelope analysis. As can be seen, all local peaks are nicely captured by the
decay envelope, and the modal damping ratio is 0.02. Obviously, the only origin of damping
is structural. Along with structural damping, aerodynamic damping also contributes
significantly to damping. An augmentation in damping is observed while using a quasi-

steady aerodynamic model. This is the case because the lift force, which acts in the opposite
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direction of the plunge motion, increases as the effective angle of attack a,f; rises. The
decay study in Figure 5.11 shows this impact to be present. This figure depicts the first
plunge mode, which is subject to structural and aerodynamic loads. However, due to
aerodynamic damping, the modal damping ratio is approximately four times higher than with

merely structural damping. The decay envelope once again perfectly captures all local peaks.
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5.3.3.2 Periodic Excitation with Gusts

The suitable technique to confirm the model's dynamic behavior is to look at the dynamic

response to periodic gusts with different frequencies. It is envisaged that the frequency of a

specific mode will dominate the reaction if the frequency of a gust corresponds with that

mode's frequency [53].

In various simulations, a sinusoidal gust is encountered by a wing in steady state. It can

determine the range of the mode amplitude according to a specific mode by subtracting the

maximum from the minimum mode amplitude from the reaction that follows. Figure 5.12

displays the investigation's findings. These graphs represent the modes amplitude range

versus the gust frequencies. The natural frequencies of the modes are indicated by the red

lines. The dynamic behavior of the model is confirmed since the mode amplitude ranges are

highest once the gust frequency and the mode's natural frequency correspond.
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Figure 5.12: Amplitudes curves of modes 1-4 caused by period excitation using gusts.
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5.4 Summary

This chapter demonstrated the application of the multiple disciplines used to build an
aeroelastic wing model, as explained in chapter 2. It was clarified that the model consists of
separately movable, massless elements that construct a flexible wing over a rigid wing basis.
A state-space system governs the flexible wing's deformation POM. This system is used to
capture and determine the deformation of the wing based on the input data, which represents
the aerodynamic, gravitational, and moment loads. The Simscape Multibody toolbox used

to illustrate this topic was thoroughly covered.

Also, the wing model was carefully checked because it led to the aeroservoelasticity
theory. This theory is a critical component of aeroelastic flight mechanics and is the most

significant contribution of this study.

A qualitative examination shows that the wing responds as one would expect to wind
gusts and control inputs. After that, it was demonstrated that the stable deformation model
was accurate because it properly matched analytical calculations. Additionally, the wing's
dynamical reaction was confirmed. First, decay envelope analysis demonstrated that, in the
absence of aerodynamic forces, the damping of the wing conforms to the structural damping
ratios given. The second finding was that wing deflection is greatest when gust frequencies
are equal to the inherent frequencies of the modes. This can be verified by periodic excitation

with gusts.

In all of the checks of the wing model, satisfactory results were found, which was a good

way to end the process.

87






Chapter 6:
Conclusions and

Recommendations

6.1 General conclusions

Several investigations were done into how aeroelasticity influenced the flight
mechanics of the wing model. The design of a model that could simulate the dynamic
aeroelastic and aeroservoelastic feedback of a flexible moving wing was the main objective

of the latest studies.

The considered aeroelastic model was extensively verified, lending confidence to the
model's conclusions. Regrettably, validation data utilized to calculate the dynamic behavior
of an aeroelastic wing are rare. There are still no complete benchmarks or confirmation
standards for aeroservoelasticity in general [58]. The majority of validation data available in
the literature is mostly for flutter analysis, which this design is not improved for (see section
2.2.2).

The following is the research problem that was mentioned in Chapter 1.
Is it possible to quickly and accurately predict and calculate the load on a flexible
aircraft wing in the subsonic flying range by combining the modal superpositioning
method and quasi-steady aerodynamics in a partitioned way through a multibody system

environment called ** Simscape Multibody**?

Positively, the aforementioned issue is being addressed. The aeroelastic wing model
was created using the modal superposition method. It was observed that the validity of the
modal model could be improved at a low computational cost. This is achievable because a

modal analysis is used to determine the structural behavior at the pre-processing stage. Since
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the creation of a quantitative evaluation is impossible due to the lack of validation data, only

this qualitative assessment can be made.

Finally, the addition of wing flexibility affects a number of flight mechanics factors.
This is evident even for relatively inflexible aircraft, for which flexibility is typically
ignored. Most flight mechanic aspects of more flexible designs are influenced by
aeroelasticity. Aeroservoelasticity should be taken into account in flight mechanics models

to provide correct findings, especially at the initial design stage.

6.2 Recommendations

Much effort has gone into the latest research. Nevertheless, the study is not complete, and

various recommendations for future steps that might be taken can be suggested.

Firstly, the aeroelastic wing model can still be improved by including the thrust force
created by the engine for the sake of obtaining more results about the effect of the thrust engine

on the wing’s response.

Secondly, the goal of future research is to create an Aeroelastic Flight Mechanics Model
AFM that is capable of predicting, capturing, and simulating the dynamic behavior of the whole

aircraft.

Finally, the aeroelastic flight mechanics model mentioned above will be implemented and
fitted into Multibody System Dynamics MSD to simulate coupled flight mechanics and
aeroelasticity fields. Finally, for an airplane, the qualitative behavior may be examined, and the

stability properties and trim conditions will be examined with data from the theory, as in this case.
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Annex A:

Aerodynamic Coefficients of The
Wing Model

It's important to note that the aerodynamic information for an airfoil can vary depending
on factors such as the Reynolds number, Mach number, and airfoil thickness, among others.
Additionally, these values are typically obtained through wind tunnel testing or
computational fluid dynamics CFD simulations, and may not be exact for every
implementation of the NACA 0009 airfoil.

The aerodynamic lift, drag and moment coefficients for the considered model are
presented in this annex. The airfoil NACAOQ009 has been believed to be the airfoil of the
extruded wing. This airfoil produces no aerodynamic moment due to its symmetrical form.
All this data was extracted from Airfoil tools database and a DATCOM model of the
considered airfoil.
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Figure A.1: Aerodynamic coefficients for the considered airfoil.
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Annex B

Structural Data Tables

The general structural deflections of the wing are depicted in this annex. This information is

obtained from modal superposition analysis. Geometrical data of the considered wing also are

presented in this annex.

Mode shapes of the stu

died wing:

The obtained modes of the deformable massless sections of the considered wing are established

in the following tables B.1, B.2 at 9 extended wing sections.

Geometrical data of the

wing:

This section presents the geometrical details of the wing. Figure B.1 presents the important

parameters that define the airfoil NACAQ009. It should be note that all these parameters are situated

relative to the leading edge at a distance that is a fraction of the local chord. The geometrical and inertial

parameters of the wing are shown in Table B.3 and Table B.4, respectively. Table B.5, representents

the location of flap and aileron.
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Table B.1: Deformation of massless sections for mode shapes 1,2 and 3.

First mode — 1.685 Hz

Second mode — 4.305 Hz

Third mode - 5.024 Hz

U him] g[m] ¢[rad] h[m] g[m] {[rad] h[m] g[m] ¢[rad]
0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000
0.125 -1.02e-5 -1.59e-8 -2.07e-4  -3.64e-5 -127e-5 -598e-3 -68le-5 4.6le-5 -1.95e-2
0.250 -55le-5 -3.95e-8 -6.29e-4  -2.05e-4 -4.06e-5 -2.09e-3 -1.92e-4 2.43e-4 -3.71e-2
0.375 -843e-5 -1.24e-7 -9.73e-4  -3.95e-4 -7.95e-5 -3.08e-4 -393e-4  2.03e-5 8.99e-3
0.500 -1.64e-4 -2.27e-7 -1.65e-3  -9.04e-4  -2.16e-4 -4.05e-4 -494e-3  3.45e-6 8.52e-2
0.625 -195e-3  -3.74e-6 -1.95e-3  -1.13e-3  -2.26e-4 -3.48e-3 -8.19e-2  4.26e-5 1.46e-2
0.750 -3.78e-2 -397e-5 -3.12e-3  -1.23e-3  -4.02e-4 -2.46e-4 -945e-2  5.24e-5 2.05e-2
0.875 -6.15e-2  -4.46e-5 -3.02e-2  -191e-3  -3.76e-3 -4.06e-2 -2.04e-2  7.05e-5 3.12e-2
1.000 -7.02e-2 -5.34e-4 -3.75e-2  -175e-2  -590e-3 -2.99e-2 -2.23e-2 8.79e-5 2.6le-2
Table B.2: Deformation of massless sections for mode shapes 4, 5 and 6.

Fourth mode — 7.844 Hz Five mode —11.137 Hz Six mode - 12.453 Hz
1 him] g[m] ¢[rad] h[m] g[m] §[rad] h[m] g[m] ¢[rad]
0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000
0.125 -3.44e-5 5.21e-5 4.23e-2 0.76e-3 2.10e-4  4.13e-2 6.13e-4 -6.23e-5 3.13e-3
0.250 -9.02¢-4 0.98e-4 7.98e-2 3.23e-3  3.23e-4  848e-2  2.55e-3  -3.16e-4 4.45e-2
0.375 -234e-4 1.95e-4 1.13e-1 4.77e-3  2.23e-3  5.16e-1  3.37e-3  -2.88e-4 5.16e-2
0.500 -1.24e-3 2.87e-4 2.54e-1 6.84e-3 1.55e-3 3.45e-1 2.48e-3 -4.55e-3 6.77e-2
0.625 -123e-3 3.45e-4 2.79%-1 8.65e-3  2.75e-3  4.23e-1  2.55e-4  -7.88e-3 2.16e-2
0.750 2.42e-4 3.77e-4 3.56e-1 8.77e-3  3.33e-3  3.86e-1  198e-3  -8.23e-3 1.36e-1
0.875 2.21e-3 3.65e-4 3.78e-1 5.23e-3 3.13e-3 2.52e-1 1.16e-3 -9.13e-3 1.75e-1
1.000 356e-3  2.66e-4 4.03e-1 2.14e-3  2.79e-3  1.16e-1  1.11le-2  -984e-3 1.97e-1

Table B.3: Dimensional characteristics of the considered wing.

Geometrical param. Dimension  Geometrical param. Dimension
Semispan [m] 17.9 Adjusting angle [deg] 6
Root chord [m] 7.0 Twist angle of the wing [deg] 2
Taper [-] 0.229 Place of elastic axis [chords] 0.33
Leading edge sweep angle [deg] 26 Place of aerodynamic center [chords] 0.25
Dihedral angle [deg] 5.1 Place of center of gravity [chords] 0.43
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Table B.4: Physical properties that describe the wing resistance to rotational motion.

Section Mass [kg] Roll moment [kgmz] Pitch moment [kng] Yaw moment [kgmz]
1 3624 1280 4978 6013
2 3235 1125 3723 4315
3 2795 0738 2075 2998
4 2310 0570 1195 2115
5 1927 0498 8745 1288
6 1433 0337 4590 798
7 992 0255 2043 451
8 547 158 780 197

Table B.5: Location of control surfaces : Flap and Aileron.

Parameter Control surfaces: Flap  Control surfaces: Aileron
Control surface place [-] 0.453 0.877
Location of application point [chords] 1.00 1.00
Location of elastic axis [chords] 0.33 0.33
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Abstract

In space vehicle structure design, the purpose on reducing weight is to minimize the gap
of frequency concept between flight mechanics motion and structural vibration. Therefore,
aircrafts are becoming more and more flexible. This require calling for a flight mechanics
model that includes aeroelasticity. The development try of such a model is the subject of this
research. The aim of this last is eventually to be used for disturbances and manoeuvre load
prediction in the beginning design phase. This in order to avoid unstable flight conditions,
moreover, the flight mechanics model may be also used to design active load alleviation
systems to decrease loads on the wing structure.

Various approaches and contributions were involved in the model of aeroelastic flight
mechanics of which one can cite Modal approach in a linear time-invariant state-space
system for Aeroelasticity, Summation of Forces (with multibody system dynamics) for Load
Prediction in aerodynamics and Conventional Serial Staggered Partitioned approach for
Fluid-Structure interaction. The totality of the multibody system dynamics model is designed
on the basis of user input, so, it can be included in a design optimization framework. This

gives us the ability to do various supplemental analyses.

Finally, several conclusions are reached. The response of static and dynamic behavior is
checked, so it's likely that it can be applied to other classical, low aspect-ratio aircraft

operating in the subsonic flying range.
Key words: Aeroelasticity, Dynamic modeling, Mode-superposition, Vibration, Quasi-

steady models, Lumped-parameter method, Finite element method, Multibody system

dynamics, Simscape Multibody.
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