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Abstract: This paper presents the Matlab-based suite called NeoCASS (Next generation Con-
ceptual Aero-Structural Sizing Suite), developed at the Department of Aerospace Engineering
of Politecnico di Milano to be used especially in conceptual design phase. It enables the cre-
ation of efficient low-order, medium fidelity models particularly suitable for structural sizing,
aeroelastic analysis and optimization at the conceptual design level. The whole methodology is
based upon the integration of geometry construction, aerodynamic and structural analysis codes
that combine depictive, computational, analytical, and semi-empirical methods, validated in an
aircraft design environment. Originally developed in 2010 inside the FP7 EU funded project
SimSAC as a module of the CEASIOM environment, since 2012 NeoCASS is a standalone
code distributed under the open source scheme. After more than six years of development, and
more than 800 downloads, this paper presents the most recent advances in the implementation
of a unified aeroelastic and flight mechanics formulation.

1 INTRODUCTION

NeoCASS is a Matlab suite aimed at providing a complete set of tools for conceptual design
of aircraft [1] [2]. It has the capability of generating a preliminary sizing of the aircraft start-
ing from geometrical data and also allows aeroelastic analyses on the structural model which
is generated after the preliminary sizing phase. Having the possibility to introduce aeroelastic
analyses early in the design phase can be very useful since it allows to include aeroelastic sta-
bility and structural load analysis in the definition of the aircraft configuration. One additional
component that can be considered in the evaluation of the aircraft configuration is the automated
flight control system that can either be limited at the control of the motion of the aircraft or can
assume additional functions such as load alleviation and flutter suppression.

It is then very important to allow the interface between flight control system and the preliminary
aeroelastic models such as the ones generated and used by NeoCASS, and it is also desired that
such models can reproduce both the structural dynamic response of the aircraft and its rigid
motion, allowing a complete evaluation of the flight control system. This paper describes some
additions to the aeroelastic analysis capabilities of NeoCASS that have been introduced in order
to allow a complete interface between the aeroelastic model and the flight control system, while
still keeping an efficient, low-fidelity formulation suitable for a preliminary evaluation of the
aircraft properties.
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In order to provide a bridge between the traditional aeroelastic formulation and the linear flight
mechanics models used for the evaluation of the handling qualities of an aircraft, a body frame
formulation of the equation of motion has been introduced [3]. The body frame formulation
has also the advantage of allowing an easy correction of the aerodynamic forces using tabulated
coefficients [4], thus providing the possibility to increase the accuracy of the representation of
the system dynamics were additional data is available. The linear model thus obtained can be
used for standard aeroelastic dynamic analyses, the evaluation of the poles associated with the
aircraft flight mechanics and the solution of steady load conditions.

The possibility to couple the linear structural deformation with the full nonlinear rigid motion
of the aircraft can be useful to provide the possibility to further increase the accuracy of the
simulation, while still keeping a low-fidelity structural and aerodynamic representation. Many
formulations have been used for the analysis of nonlinear aeroelastic systems, for example
in [5], [6], [7] and [8] the aeroelastic and rigid nonlinear aircraft models are merged in one
single model, with the only coupling coming from the aerodynamic forces, having considered
a mean axes formulation of the modal basis. It is also possible to couple a nonlinear structural
model with the standard linearized aerodynamic modeling [9], allowing the inclusion of geo-
metrical stiffness in the model. Other formulations were proposed that are not based on the
nonlinear extension of the finite element method, but are based on a multibody formulation or a
nonlinear beam model. A general multibody formulation was for example used in [10] and [11],
this formulation allows for an exact representation of the rigid body dynamics and can include
complete nonlinear structural models even if in the cited works rigid bodies connected with
lumped spring elements were used to represent the flexibility of the structure. A completely
different formulation was instead used in [12] and [13], aimed at the aeroelastic simulation of
very flexible aircraft such as light High Altitude Long Endurance (HALE) UAVs. The formu-
lation is based on the use of a nonlinear structural model, coupled with an approximated model
for nonlinear unsteady subsonic aerodynamic that in [12] is obtained with the use of an unsteady
vortex lattice method.

In NeoCASS the inertial forces are formulated starting from a nonlinear kinematic model where
the motion of the overall aircraft is fully nonlinear while its deformation is considered as the
superposition of linear deformation shapes. The inertial forces are then obtained using the
Virtual Work Principle, allowing the generation of all coupling terms between the rigid motion
of the aircraft and its elastic deformation.

2 NEOCASS SUITE

The block diagram of NeoCASS suite is presented in Fig. 1. The starting point for the generation
of a new model is the definition of its geometrical properties by the use of the Acbuilder module,
that allows the generation of a database used for the sizing of the structure. The structural sizing
is performed by the GUESS module, and it is based on the database of geometrical properties
and on a set of manoeuvre conditions used to compute the ultimate loads the structure must be
able to sustain.

Once the structural sizing is completed a simplified structural and aerodynamic model of the
aircraft is generated, that can be used by the aeroelastic analysis module of NeoCASS, named
SMARTCAD, or can be exported for the use in external simulation software, such as Nastran.
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3 AEROELASTIC SOLVER

The aeroelastic solver in NeoCASS assumes that the structure is represented by a set of beam
elements, with the finite volume formulation presented in [14]. The structural model is coupled
to steady and unsteady aerodynamic forces computed using the Vortex Lattice Method (VLM)
and the Doublet Lattice Method (DLM) respectively. The DLM is implemented according to
the formulation presented in [15]. Three different types of analyses can then be performed:
static aeroelastic analysis, aeroelastic stability (flutter) and dynamic response analysis. For
the aeroelastic stability and the dynamic response analysis a formulation similar to the one
employed in Nastran [16] is used, while a continuation method is used for the evaluation of the
frequency and damping of aeroelastic modes in flutter analyses [17].

In addition to the standard aeroelastic analyses in the frequency domain, it is also possible to
generate a state-space model of the aeroelastic system in time domain, by using the Matrix
Fraction Description method [18] for the definition of unsteady aerodynamic forces in time
domain. The state-space formulation is the most convenient for the coupling of the aeroelastic
model to the flight control system and then it is the starting point for the additional modifications
presented in the following sections.

4 UNIFIED AEROELASTIC AND FLIGHT MECHANICS TREATMENT

The aeroelastic solver in NeoCASS is built in order to have an unified treatment of flight me-
chanics, static aeroelasticity and dynamic aeroelasticity. This allows to use the same model for
all kind of analyses and allows a direct comparison of the results that are obtained in the dif-
ferent analyses. The formulation of the dynamic equations of the system that allows the unified
formulation requires two main operations: the first one is the formulation of the equation of
motion of the elastic aircraft in body axes; while the second is the generation of a unified defini-
tion of steady and unsteady aerodynamic forces. The body axes represents the most convenient
frame to formulate the equations of motion of the flexible aircraft since they are traditionally
used for the analysis of the flight dynamics of the rigid aircraft and are a convenient reference
frame for the definition of aerodynamic forces.

The unified treatment requires also the definition of a common aerodynamic model that is able
to define both steady and unsteady aerodynamic forces, with the possibility to increase the
fidelity of the modeling with the inclusion of CFD forces or experimental correction factors.
This operation is performed in two steps: at first, the steady aerodynamic forces are corrected
to allow the inclusion of steady aerodynamic forces from higher-fidelity models namely CFD
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analyses and databases of aerodynamic coefficients. The corrected steady aerodynamic forces
are then used to correct the zero-frequency component of the unsteady aerodynamic forces, thus
enforcing a consistency between the results of unsteady and steady analyses.

4.1 Equations of motion in body axes

The equation of motion for the elastic aircraft are traditionally expressed using displacements
and rotations defined in a fixed frame that is the rigid motion of an aircraft can be expressed
using the linearized displacement Ax;, and rotation ¢, of a body reference frame, along with
the amplitude of the elements of the reduced basis defining the structural deformation q and all
their time derivatives. The switch to a body axes formulation is done by using the components
of the body velocity in the body reference frame Aw, instead of the time derivative of the body
position, and the rotational velocity in body axes Awj instead of the time derivative of the
rotation angles. The state vector in inertial axes x; and in body axes x; can then be defined as:

A:cb Azcb
$bA PoA
o q . _ q .
X; = Awb 3 Xy = A'Ub 3 (1)
Pua Awy
| g | g |

In the particular case of fully linearised system with no initial rotational velocity, acceleration
and rotational acceleration it is possible to switch from the inertial to the body axes formulation
using simply a kinematic transformation for the variables and applying the linearised rotation
to the equation of motion. This particular linearization configuration allows indeed for the
elimination of all inertial force components that would result from the use of a relative frame for
the definition of the motion equations. The transformation between x; and x; can be expressed

as [3]:
X,‘:Tlxb
. . (2)
Xi:TQXb—FTgXb
where
Ry 0 0O 0 0 O] Ry, O O O 0 O]
0 R, 0 O 0O 0 0O Ry O O 0O 0
T, — 0 0 I 0 0O O T, — 0 0O I 0 0O 0
P10 —opx 0 Ry O O 2710 0 0 Ry 0 O
0 0 0 0 Ry O 0 0 0 0 Ry O
| 0 0 0O 0 0 I] | 0 0O 0 O 0 I] 3)
[0 —Ryytpox 0 0O 0 0]
0 0 0O 0 0
0 0 00 0 0
T3: _
0 0 0 0 —Rbo’vbox 0
0 0 0O 0 0
10 0 0O 0 0

where Ry, represents the rotation matrix that defines the body frame orientation at the reference
configuration. The deformation amplitudes g are unaffected by the transformation equations in

4
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Eq. (3), this is due to the fact that the combination of the reference frame rotation and the
structural deformation would results in a second order component, which is dropped in the
linearization of the transformation [19].

The transformation can then be applied directly to the model in state space form, that relates the
dynamic of the aeroelastic state to the system inputs N and defines the system output vector 7:

Ex;, = Ax; + Bu @
YZFXZ+CX1+Du
leading to
ETQXb = (ATl — ETg)Xb + Bu (5)
y = FTux, + (AT, + ET3)x;, + Du

A further processing of the state variables can be introduced to switch from the use of the
velocity components in body angles to the use of the sideslip angle 5 and the angle of attack «
that define the orientation of the body velocity with respect to the body frame and are defined

as
w1 Y -1 (W
b = sin (”va) a = tan <u) 6)

equation (6) can be linearized around the reference value for the body velocity vy, in order to
obtain a linear transformation for the system state:

1 0 0

Au 2 Au
Voug A 1 Vowo
Agl o |—mme (1— ) - A
b Vi oo Feol? ) \fugud— agrudlwol? | | 2 2
Ad T 0 ug Aw
u%erg “(2)+wf2)

4.2 Gravitational forces

When dealing with motion equations for flight mechanics analysis it is convenient to include
also the effect of the weight force on the model dynamics, the weight forces acting on the
reduced dynamical model can be expressed as

f,=U"MTR]g’ (8)

where M is the mass matrix of the full structural model, with size [npor X npor|, U is the
matrix defining the reduced basis for expressing the motion of the structure and include both
the displacements associated with the linearized motion of the body reference frame and the
deformation of the structure. The matrix T is a [npor X 3] summation matrix that select from
the mass matrix only the columns associated with the three components of displacement of the
nodes of the structural model. The intensity and direction of the gravitational field is expressed
using components in the inertial frame g/, where they are constant. The linearization of this
equation then gives

T T 1

Jo=U MT [Ry(I+ ppax)]" g

= f0— U " MTpn x R,g"

In addition to the weight force in the reference configuration f,o there is also a stiffness contri-
bution related to the rotation of the body reference frame that need to be included in the state
matrix A.

€))
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4.3 Correction of aerodynamic forces

Two aerodynamic solvers are currently available in NeoCASS, one implementing the Vortex
Lattice Method (VLM) for the computation of steady aerodynamic forces and the Doublet
Lattice Method (DLM) for the computation of unsteady harmonic aerodynamic forces [15].
Those low-fidelity aerodynamic methods are well suited for preliminary aeroelastic analyses
but higher-fidelity methods are usually needed to improve the accuracy of the results. In the
contest of the aeroelastic analyses performed in NeoCASS it is required to keep the numerical
efficiency of the low-fidelity methods, which have also the additional advantage of not requir-
ing a detailed geometry description of the model, but at the same time it is useful to have the
possibility to increase the accuracy of the aerodynamic forces. A series of methods for cor-
recting aerodynamic forces is then used in order to introduce a bridge between the low-fidelity
aerodynamic methods and high fidelity Computational Fluid Dynamic (CFD) simulations, and
can be used for both steady and unsteady aerodynamic forces. A scheme summarizing the pos-
sible corrections is presented in Fig. 2, the correction of the low-fidelity aerodynamic forces
is performed with the use of data obtained from CFD simulations or with the use of tabulated
aerodynamic coefficients. The CFD data when available represent the most accurate correction
available and can define the distribution of aerodynamic forces on the structure; the tabulated
coefficients are able to modify only the global forces acting on the rigid motion of the structure,
but can be useful in static and dynamic analysis because they allow the proper definition of the
trim of the aircraft or the frequency and damping of the flight mechanics modes of the aircraft.
The steady aerodynamic forces obtained using the VLM method are linear in the body motion
and the structural deformation, and can be expressed as

FCL
2 = F'+ K*Av, + K%, + Ku, (10)

RS

where §. contains the deflection of the control surfaces, and u, is the vector of structural dis-
placements. Aerodynamic forces from CFD analyses must be provided at a reference configu-
ration, then providing a correction for the reference term Fi', by providing also the same data
obtained in perturbed conditions also the correction for the matrices K¢ and K, can be ob-
tained by finite differences. As shown in Fig. 3 there is no need to provide a full aerodynamic
configuration, but the use of CFD computed forces can be limited to some portions of the ge-
ometry. The use of aerodynamic coefficients, instead, allows the correction of only the rows of
matrices Fi, K¢ and K¢ that are associated with forces on rigid motion of the aircraft, while
leaving the distribution of forces on the structure unchanged.

The corrections mentioned above can be applied to the steady aerodynamic forces, and can be
used to correct the zero-frequency part of the unsteady response. Unsteady aerodynamic forces
are expressed in frequency domain as

Af(jk) = H'(k, M)uq(jk) (11)

where £ is the reduced frequency and u® is the vector of inputs for the aerodynamic system,

which includes the state Ax;, the control surfaces deflections and the gust input. The use of

a fitting procedure allows the definition of the same forces using a dynamical system in time
domain

x, = A'z, + Bju, + Biu, + Biu/ .

Af, = C'z, + Diu, + Diu, + Biu/ (12)

where the prime (') denotes the derivative with respect to a non-dimensional time 7 = ¢/t, =
ﬂl/—‘x’ and [, is a reference length.
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Figure 2: Scheme used for the correction of aerodynamic forces in static and dynamic analyses.

Both the frequency domain and the time domain formulations can be transformed using Eq. (2)
in body coordinates, by considering only the structural motion Ax; as input it results

x, = Az, + BoAx, + B1Ax) + By Ax)

13
Afa = CQ’Ja + .D()AX[J + DlAXZ + BzAXg ( )

Af* = H(k, M)Axy; {

In order to allow the correction of the steady portion of the aerodynamic forces it is convenient
to reshape the system in Eq. (13) to lump all the steady response in Dy and its first derivative
in D+, then formulating the system in the form

w!, = Aw, + By Ax) (14)
Afa = C'wa + D()AXI, + DlAX;) + BzAXZ
where
By =B+ A (B;+ A7'By) (15)
DO - DO - CA_lBO (16)
D]_ - D]_ - CA_l (B]_ + A_lBo) (17)

A similar procedure can be applied also for the frequency formulation, leading to the following
expression

Af, — H(O)Ax, — § 2| Axt 4 [H(jk, M)y—H(©0)—k <~
0

_;0H
ok
— DoAxy, + D1 Ax), + H(jk, M)Ax,

7
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Figure 3: Example of partial definition of CFD forces.

then lumping all the steady response in the Dy and D; matrices that can be corrected without
modifying the higher frequency contribution in H.

As shown in Fig. 2 it is possible to correct the steady forces predicted by the DLM method using
the steady aerodynamic forces obtained using the steady VLM, thus recovering the effects of
aerodynamic twist and camber. An higher level of fidelity can be obtained if the aerodynamic
forces also include CFD force corrections. The aerodynamic matrices Fi, K, K¢ and K¢ can
be directly included in the matrices Dg and D; leading to the correction of the low-frequency
behaviour of the aerodynamic forces. An additional term related to the linearization of the
dynamic pressure can be introduced:

d (1
Afar = = (§pU2) fo (19)

then leading to an additional force coefficient in u
D* = =2fq0 (20)

this coefficient matrix relates the increase in aerodynamic forces due to the variation of flight
speed and is required to properly recover the phugoid mode of the aircraft.

It is also possible to introduce aerodynamic coefficients in the aerodynamic force formulation
as they are traditionally used in the flight mechanics analysis. The aerodynamic coefficients
are used to express the forces and moments in the wind axes (lift L, drag D, side force S, roll
moment £, pitch moment M and yaw moment ) to the acrodynamic parameters (flight speed
u, angle of attack «, sideslip angle j3, roll velocity p, pitch velocity ¢, yaw velocity r) and their
derivatives.

The symmetry of the aircraft geometry usually lead to a decoupling between the aerodynamic
forces associated with the longitudinal and the latero-directional motion, but the more general
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formulation for the definition of aerodynamic forces using tabulated coefficients is

[Cx/u Cxis Cx/a Cxpp Cxsq Cxyr ] Cxip Cxya
gY/u gy/ﬁ gY/a gY/p gy/q gY/r B gY/,B gY/d
Afeoef — g 8 Z/u Z/B Z/a Z/p Z/q ZIr| g o .S z/B Z/&
T BN G Cus Cya Cyp Cuyg Oy | 22 0| TP70 Oy Cupa
C’m/u C'm/ﬁ C'm/oz C"rn/p C'm/q Cm/r q Cm/ﬁ C(m/o'c

_On/u C1n/ﬁ C171/04 C17’L/p C1n/q On/r_ _T‘_ _Cn/ﬁ Cn/d_

(21)

the second matrix has been limited only to the coefficient related to & and {3 since these are the
most commonly used. In addition to the linearised forces A f, the aerodynamic coefficients are
also able to define some portions of the steady aerodynamic forces f,q, in the same way as they
are used to correct the steady aerodynamic force component F{§' in Eq. (10), using the definition
of aerodynamic forces on the reference state:

Ol
Cyo
coef _ S C1ZO 22
0 GooP1 Ol() ( )
Cva
L. Cno =
In the equations above S, S and S; are scaling matrices
o -
1
1
S = Spey bres (23)
Cref
L bref_
' _
1
1 bref 0
52 — bref S3 - Voo Cref (24)
Vao U -
Cref
Voo
bref
L Voo

Additional matrices can be defined in order to provide the effect of the control surfaces, for
example for the most common case of aileron, elevator and rudder:

Cxss. Cxss. Cxys, |
Cyss, Cyrs. Cyys, 5
coe C(Z 1) C'Z 0, C1Z O “
AFET = quo Sy | 0 TR 20 g, 25
7s oot Cis.  Cis.  Cus, 5 25)
CVm/éa C’m/é6 Cm/(sr "
_Cn/6a C’n/ée Cn/(ir

The reference point used for the definition of the aerodynamic moments must be at the origin
of the coordinate system, if the aerodynamic coefficients are defined with respect to a different

9



IFASD-2019-021

point a transformation is required

J
al

(26)

_ | I 0]
o rogx I al Q
where 7 is the position of the reference point for the aerodynamic coefficients with respect
to the body reference frame.

In order to insert these coefficients in the steady aerodynamic force matrix it is necessary to
transform them from the wind axes reference frame to body axes, using the transformation
matrix in the reference configuration:

cos(ap)cos(By) —cos(ag)sin(By) —sin(ap)
Rp, = sin(fPo) cos(fo) 0 27
sin(ag)cos(By) —sin(ag)sin(By)  cos(a)
it is also necessary to express the body velocity Awv, as function of the aerodynamic angles Aq,
A, using the transformation in Eq. (7).

It is possible to have aerodynamic coefficients expressed in the stability reference system, which
originates from a rotation of angle « of the body reference system, so that the s; versor of the
system is directed as the asymptotic velocity, in this case the rotation matrix includes only the
rotation according to the angle of attack and is expressed as

cos(ap) 0 —sin(ap)
Rpgs = 0 1 0 (28)
sin(ag) 0 cos(ap)

The rotation from wind (or stability) reference system to body reference system must be taken
in account in the linearization process, then the forces in body axes f” can be defined starting
from the forces in wind axes f as

2 = Rpafiy + RpaAf + ARpsf4

A

(29)
= f8 + RpaAf2 + Rpapan x f

then the linearization introduces and additional contribution to the force coefficients in body
axes that depends on the aerodynamic forces in the reference condition in the aerodynamic
frame and on the perturbation in the aerodynamic angles, that are contained in 4.

4.4 Mode acceleration method

Dynamic analyses are computationally efficient if a reduced basis is used to represent the defor-
mation of the structure. While the use of a reduced basis can lead to good results in the recovery
of internal forces in the structure due to dynamic load conditions, its use for static simulations
can lead to poor results due to the fact that the reduced basis may not be able to fully represent
the static deformation of the structure. For this reason the mode acceleration method is used
to allow a direct comparison of the results obtained with the dynamic model and the analogous
results that can be obtained from a static aeroelastic simulation. The forces can be recovered in
NeoCASS using the mode acceleration method according to the equation:

s=SK ' |F, — MUG+ ., (H;‘m(k, M..)q + H: (k, Mo)b, + H, (k, Mm);—g ]

~30)

10
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where S is a matrix defining the relationship between the nodal displacement and the selected
internal load component, K is the full model stiffness matrix, F,; contains all external forces
applied to the structure, U is the array defining the reduced basis used in dynamic simulations
and relates the nodal displacements u to the amplitude of the reduced basis elements q as u =
Ugq. M is the mass matrix of the system and the unsteady aerodynamic forces are expressed by
the matrices H;,,,, H,. and H that are defined as a function of the frequency and express the
relationship between the inputs to the aerodynamic system and the nodal forces on the structure.
The allowed aerodynamic inputs are the structural deformations related to the reduced basis q,
the deflection of the aircraft control surfaces d. and the gust velocity vg. The equation for the
recovery of internal loads is defined in frequency domain, thanks to presence of the unsteady
aerodynamic forces. An equivalent formulation in time domain can be obtained if a linear state
space model is used to fit the nodal aerodynamic forces, using the same methodology used for
the fitting of the aerodynamic forces in the motion equations. In order to reduce the dimension
of the aerodynamic system that need to be fitted it is possible to condensate the forces as

Hy; = SK™! [H;‘m(k,Moo) H:.(k, M) H;g(k, MOO)} 3D
the matrix Hs; can then be fitted according to the algorithm described in [18].

S NONLINEAR RIGID BODY MOTION

In this chapter a formulation of the dynamic equation for a flying aeroelastic vehicle is in-
troduced to increase the accuracy of flight mechanics simulations that include flight control
systems and the structural deformation. The formulation assumes an arbitrary, non linearized
motion of a reference frame associated with the rigid motion of the aircraft. The linearized
structural deformation is then included considering a superposition of modal shapes defining the
displacement and rotation of the structural points with respect to the moving reference frame.
The formulation is derived from that of the modal element implemented in the free multi-body
dynamics software MBDyn [20], specializing it for the analysis of a flying aircraft.

5.1 Kinematics

The position of a point on the structure is given by the composition three different components:

e the position @ and orientation Ry = R(¢p,) of a reference frame J;

e the position 7 of the point with respect to the reference frame (the initial orientation is
assumed to be zero).

e the displacement u and rotation ¢ relative to the reference frame.

the meaning of the various component is displayed in Fig. 4.

Instead of considering the structure as a continuous here a discretized approach will be followed,
where the structure is considered as given by a set of /N nodes, each with associated mass,
inertia and mass unbalance. While not physical, this approach is directly related to the finite
element model formulations that will be used for the generation of the matrices required by this
formulation.

11
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Figure 4: Decomposition of the posifion of a generic structural point.

The position and rotational velocity of a generic node ¢ can then be expressed as

x; = xo+ Ry (F; + u;) (32)

w; = wop + R0¢i (33)

v; =& = vy + wy X Ry (7 + ;) + Ryt (34)
o = w; = o + wy X R0¢i + ROSZi (35)
a; =& =ag+ ag X Ry (7; + 0;) + wy X wy X Ry (7; + u;) (36)
+ 2wy X Rott; + Ryt (37)

in Eq. (33) a small value of ¢; was assumed, allowing the identification of the rotational velocity
with the time derivative of the rotation vector associated with the relative rotation of the node
with respect to the body reference frame.

The orientation can be expressed combining the orientation of the body frame with the relative
orientation R(¢;).

R, = RyR; = R(po)R(¢:) (38)
The change in orientation of reference .J is not linearized, then the relation between the time

derivative of the rotation vector and the rotational velocity is given by.

wo = S(po)Po (39)

Since the principle of virtual work will be used for the formulation of the equation of motion,
it is necessary to define the virtual variations of the orientation and position of the point ¢, the
virtual variation of the position is given by

dx; = 0o + Rodu; + pos X Ry (75 + ;) (40)

The computation of the virtual variation of orientation is more complex and requires to resort

12
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to the definition of a perturbation of the orientation

05;x = OR; R} 41)
= 6(RyR;)R] R} (42)
= dRyR,R'R! + R\WR,R'RY (43)
= o5 X +Rops; x R (44)
= o5 X + (Ropsi) X (45)

obtaining then the following expression for the virtual variation of the orientation @5,

0s5i = wos + Ropsi (46)

The portion of the nodal motion coming from the structural deformation is represented using a
superposition of M modal shapes defining its displacement and rotation

M M
u; = Z Uijq; = Uiq pi = Z Viig; = Viq 47)
j=1 j=1
M M
0t =Y Uydq o=y Vijoq (48)
j=1 j=1

5.2 Inertial forces

It is assumed that each node on the element has a mass m;, a static unbalance s; = m;(xcg; —
@;) and an inertia tensor J;, the inertial forces and moments acting on the single node are then
given by

fzm =m;a; — 8; X W; —W; X 8§ X W; (49)
mi” =3, X a; +J;o; +w; X J;w; (50)
(5D

where the moments are evaluated with respect to the node position ;.

It is then possible to formulate the expression for the virtual work of the inertia forces acting on
node ¢
0L =dx; - fi" + 05, - m" (52)

(]

Then, by substituting the expression for the inertia forces from Eq. (51) in Eq. (52)
SLI" = dxg - [mia; — 8; X w; — w; X 8; X Wi
+ o5 - | (8i + miRo(F; + ;) x a; + (J; — Ro(F; + @) X 8;x)
+ w; X Jjw; — Ro(T; + U;) X w; X 8 X w; (53)

+5ﬁi-Rép[miai—sixwi—wixsiXwi]

+ Qagi : R(j; [Si X a; + Jlaz + w; X szz]

13
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The total virtual work of inertial forces is given by the sum of all the nodal contributions

N
oL =Y oLy (54)
=1

Before getting an expression for the total inertia forces in the system it is convenient to rotate
all the vector and tensor quantities by the rotation tensor Ry, in this way the vectorial equations
already assume a form analogous to the form obtained when expressed in components in the
body frame. The body frame is indeed the preferred reference system for the expression of the
equations of motions since it allows a direct comparison with the formulation traditionally used
in flight mechanics and is the natural choice for the evaluation of aerodynamic forces.

a) = Rpay; oy = Roay; wy= Rywy; s8; = 5;;

T ~ B (55)
Ji=RoJ;Ry; dxo= Rooxy pos = Ropos
Equation (52) then assumes the form
55;” = 5530 . [mzéz — 8, Xw; —w; X §; X GJZ]
+ Pos - [(éi +my(F 4+ 4;)) x @ + (J; — (T + @) X §;%) &

+5ﬂz[mzdz—ézxwl—d)zxézxwz]

+ @i+ (8 X @ + Jiay + @ X Jiw;]

The equations can then be expanded introducing the kinematic relationships described in the
previous section. Since a linearized structural deformation is considered all elements quadratic
in u;, u;, u; Y;, P;, P; are neglected. The inertial forces energetically conjugated to the rigid
motion of the body frame .J are
f;n = midg — (51 + m,fl) X do =+ mﬂll — gz’ X (702 — mﬂlz X do

— wp X (.§Z + mzfz) X Wy — wg X (mz'&) X Wy (57)

+ 2w X (TTLZ’INI,Z —8; X (702)
while the inertial forces energetically conjugated to the change in orientation of the frame J are

FU = (8 +mifi) X @g + [J; — T X 8 X —8; X Ty X —m;T; X T x|y
+ mia; X ag — [(8; +myT;) X w; X 4 X (8; + mr;) X e
+ (8 + ) X w + (J; — 7 X §;X)@;
— o X [J; — Ty X §; X —8; X Ty X —mT X TyX @y
—wo X [(8; + m7;) X w; X +a; X (8§ + m;T;)X]wy (58)
+ [ X (8; 4+ miTi) X +@; X (J; — 8; X 7:x)]@o
+ [8; X cfol X Ty X —T; X c,bz X §;X|wy
+ [ (85 4+ meTs) X @y x —(J; — 75 X 5; %)@ x| @
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For the definition of the inertial forces energetically conjugated with the modal coordinates the
modal decomposition of u; and ¢; is used

= (Ui Vk,S )a[) + [Uk(sl + mln) X +V%(JZ — §,L X le)]O_éo

K3 2 K3

Z iU + Vi 5 x Uy; — U5 Vi + Vi JiVij i
+ wo [Uzk X (Si + mi’ri) X _‘/;k X (jz —8; X ’I'N'Z'X)}LDO
+7g[ WkXSZXTlx—TZiX(giXWk)X]GJO

[— UkmlUl Vk 5; x Ujjlg; x oy

+
M:

(59)

R

+

—UlmU;; x =VI§ xU; x +UL5; x Vi: x =V I T, V.. x)q:@,
ik J ik J ik J ik J J

1

<.
I

(—2U Vi, x 8; x +V [ Vi x J) ;@0

Ms

—+
1

=T

The expression in Eqgs. (57), (58) and (59) can be simplified if all the terms depending only on
the mass properties of the structure are collected, allowing the definition of the invariants listed
in Egs. (60) and (61). The invariants are not only useful for obtaining a more compact represen-
tation of the inertial forces, but they can be computed before running the time simulation, thus
reducing the computational cost associated with the solution itself.

L= mI (3 %3)

.
I

Ui, x mU;; x +U;; x (Vi ¥ 5i)><)fb‘]‘z’0

1[]=

1=

IB_Zmz i S; z (3><M)

_ (60)
I, = Z[(gi + mi;) X Ui + (J; — 73 X §;x)V}] (3 x M)

Iy = Y [UTmUi + V' x U; — Ul 5,V + VI V)] (M x M)
I?ZZ[«L—ﬁxgiX—§i><7:7;><—mifixﬁ-x] (3% 3)

i
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Iy, = — Z(El + m;7;) x Uy;x (3x M x 3)
I12j:—imiUij>< (3x3x M)
I13j:—i§i><+‘/;j><fi>< (3x3x M)
Iy, = ZEUij X (8; +m;T;) x =V X (J; — 8; X 7;x))] (3x3x M)
I15j:i[—vgjxgixf*ix—f‘ix(gixvgj)x] (3x3x M)
I, = i(—ngvij X 8; X +V,I Vi x J;) (M x 3x M)
I;, = i[—UgmiUil — V15 x Uy (M x3x M)

Ilgj = — Z(—Ugm,Ud X _‘/z'jrgi x Uy % ‘I—Ug;gl X Vi X _‘/;jsz‘/le) (M X 3 X M)
Iy, = Z(Uiﬂ' x m;Uy x +Uy x (Vij X §;)X) (M x 3 x M)

(61)
It is then possible to formulate the inertial forces using the definition of the invariants

f;n = Ildg + Igd() + ng + ZIIQijdO + Wwo X IQ(IJ() + Wy X ZIlngjan

j J
£ =Lag+ oo+ Y T, qjag — > (Is,q; + I q;) a0 + Lu — @o x Trwg
J J
=0 % (L gy + TEa)@0 + | (D0 + Iy ) = (D + 1) |
j j J

+ wp X Z<I167qj)
J
f;: = Igdo —+ Igdo + Iﬁijl -+ Qg[IMk —+ I15k]w0 + Z(Injq]')do
J

(62)

M
+ [— 2 Z(Imﬂj) + 21183@]} wo + Z(—QUSVE]' X 8; X +‘/;]T‘/il x J;)qi@o
J J =1
+ @g[zflgjkqj}@o
J

Some decoupling in the expression of the inertial forces could be obtained by selecting a mean
axes formulation [19,21], that is the modal shapes are defined in order to be orthogonal to the
rigid modes with respect to the system mass matrix. In this way it would result

Is=0 I,=0 (63)

but since this simplification brings a small reduction of the computational cost with respect
to the general case it was not included as a requirement of this formulation. Modal shapes
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obtained from a free structure, however, would naturally be formulated in mean axes, leading
to the satisfaction of conditions in Eq. (63).

The equations were so far considered as vectorial equation that are not related to any choice of a
reference system used to express them. They are now formulated considering the component in
the body reference J and thanks to the transformation in Eq. (55) their expression is not affected
by this operation, as can be verified by noticing that

o S | | ST _ ]
a, = a; Wy = W ) = oy (64)

where the superscripts 7 and  indicate the components in the references .J and I respectively.

It is also convenient to substitute the acceleration of the body frame with the time derivative of
the component of the velocity with respect to the body frame, this substitution can be done by
using the Poisson formula

aj = v] +wj x vy (65)

The inertial forces can be expressed in terms of vy, vy, wy, wy .

F" = (M + M,(q)) |@5 | +F" (vg, wi,wi) + F" (g, 09, i, wi) + F" (4, wp)

= (M + M,(q)) |wi | + FX' (q.¢,v], )

(66)

5.3 Weight force

The nodal force and moment associated to gravity vector g and acting on the node 7 are given
by

fi g 67)
m=s;,xXg

The expression of the virtual work is then

N
0LY =) ox;- f7 + 05 - m
1=1
N
= Z [5:{;0 -mu;g + $Pos - (Si -+ mZROfZ) X g + mzRo’llZ X g] (68)
=1

Leading to the following definition of the generalized forces

I 0
F'= I]| Rlg' + |, Ih,q;| Ry’ (69)
I’ 0
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5.4 Dynamic equations

The formulation of the inertia and weight forces can be completed by introducing the aerody-
namic forces. One possibility of introduction of aerodynamic forces consists in the use of a
time domain state-space formulation in body axes, as described in the previous chapter, which
is however subjected to limitations of small perturbations and subsonic flow. The complete
equations of motion can then be formulated including all the inertial, aerodynamic and weight
contributions.

6 RESULTS

The presented methodologies are applied here to a model of large transport aircraft, sized using
the NeoCASS software using the geometrical data of the B747 aircraft. The aeroelastic model
is presented in Fig. 5.

Figure 5: Aeroelastic model

Aerodynamic forces are computed for the model using the VLM and DLLM methods, and then
they are used for the generation of the state-space model of the aircraft. The aerodynamic forces
obtained from the DLM and VLM usually do not allow for the accurate prediction of the low
frequency flight mechanics modes of the aircraft. The aerodynamic forces can then be corrected
using aerodynamic coefficients in order to provide a model with the expected characteristics.
In the present applications the aerodynamic coefficients for a landing configuration were ob-
tained from reference [22] and directly introduced in the aeroelastic model, leading to the flight
mechanics modes in Fig. 6. Where also the poles of the system computed directly from the
linearized equation of motion of the rigid body aircraft are displayed.

Three different methods were used to compute the flight mechanics modes from the aeroelastic
system. In the first case the modes are obtained directly from the aeroelastic state-space model
in body axes, without aerodynamic corrections. It can be seen that the high frequency short
period and dutch roll modes are recovered with some error in frequency, while the phugoid
mode is not recovered, due to the absence of the aerodynamic load in the reference configuration
in the DLM formulation. The introduction of VLM matrices to correct the steady portion of
the aerodynamic forces in this case does not lead to a significant improvement of the results,
this can originate from the different aerodynamic configuration between the NeoCASS model
and the actual aircraft in landing configuration that is used as a reference for the aerodynamic
coefficients. In addition also the absence of the fuselage model can lead to some inaccuracy
in the predicted coefficients. It can be seen, however, that it is now possible to obtain the
short period mode. The last analysis is performed by directly introducing the aerodynamic
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Figure 6: Flight mechanics poles of the B747 aircraft obtained with the corrected aeroelastic model compared with
the analytical values.

coefficients in the model equations, in this case the computed frequencies and damping match
the values predicted from the longitudinal and latero-directional equations of motion.

A gust response simulation is then performed to evaluate the effect of the nonlinear simulation
on the dynamic response. A longitudinal gust with frequency 0.5 Hz and amplitude 20 m/s is
applied with the aircraft flying at sea level with Mach number A/ = 0.52. The simulation results
are summarized in Fig. 7 where the wing root torsional and bending moment are presented,
along with the vertical velocity and the pitch rate.

It can be seen that the linear and nonlinear responses are very similar, but the low frequency
body motion is behaviour is modified by the introduction of the nonlinear dynamics, as can be
seen from the time history of the pitch rate in Fig. 7(d). The different body motion also lead to
different internal forces in the second portion of the time response, after the first peak.

7 CONCLUSIONS

The accuracy in the prediction of aircraft motion from aeroelastic models can be increased by
defining a unified formulation able to recover both the structural response and the dynamics of
the rigid motion. This unified formulation can be expressed in a linearized way or considering a
full nonlinear rigid body motion. Both formulations can be easily applied to low-fidelity models
such the ones generated by NeoCASS after the preliminary sizing. In most cases the improve-
ment in the recovery of structural loads that can be obtained from the unified formulation is low,
as expected by the fact that the corrections operate mostly on the low-frequency rigid modes.
It is however useful to have a unified formulation when the effect of automatic control systems
need to be evaluated since it allows the proper recovery.
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