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Abstract

A method for performing flight simulations considering both
the motion of the center of gravity and the elastic deformation
of the aircraft structure is developed. The time history of the
included states is intended to be used for analysis of structural
loads. The utilized time-integration scheme, the evaluation of ex-
ternal forces and the solution of the equations of motion for the
included states are presented. The effect of including elastic ef-
fects and quasi-steady aerodynamic modeling is investigated for a
simple longitudinal maneuver with a generic commuter aircraft.

1 Introduction

The utilization of accurate methods for the prediction of flight loads is
very important. Failure of an aircraft structure during flight is extremely
critical and all measures must be taken to avoid such incidents. If the
available methods for analyzing structural loads are not sufficiently pre-
cise, increased safety margins are needed to ensure flight safety. Such
safety margins typically lead to heavier aircraft, and consequently the
performance is reduced.

Historically, flight loads analysis has not been performed by means
of time domain simulations. Instead, the common practice in the past
times of aircraft development was to use handbook methods [1], simpli-
fied modeling of the geometry and empirical methods. This has proven
to be sufficiently accurate, given that the safety margins that account
for the substantial error range in the methods are large enough. How-
ever, the capability for accurate analysis of flight loads has continually
increased.

A method for estimation of structural loads used for fatigue analysis,
based on interpolation from a database for a range of flight conditions, is
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presented by Prananta et al. [2]. The method is based on that there is a
specific database available for every particular aircraft type and configu-
ration. Loads data for a range of operational conditions, maneuvers and
gust loads must be available for this approach. The production of the
data is made with different assumptions, considered valid for the specific
case. To evaluate the influence of the different states for a prescribed
maneuver, quasi-static assumptions are in general used. For other cases,
such as flight through atmospheric gusts, unsteady aerodynamics are re-
quired.

Experimental simulations of the loads occurring when coupling ef-
fects between flight mechanics analysis and structural dynamics are of
interest are performed by Airbus [3]. Forces generated by numerical
simulation are used as input to a large test bench called the ”flexible
aircraft iron bird”. The test bench is used for system validation of the
entire flight control system and nearly all hardware is integrated. For the
development of very large civil aircraft it is considered by Airbus to be
necessary to take structural dynamics into account also during a flight
mechanics analysis, since the aerodynamic coupling to flight mechan-
ics becomes increasingly important for larger aircraft. Also, the flight
control system needs to be designed to account for effects of structural
dynamics and loads.

The numerical part of the flight simulations performed at Airbus,
used together with the ”flexible aircraft iron bird”, is divided into two
subroutines. One of these subroutines is considering the flight mechanics
model where static deformation is included in the aerodynamic data.
The other subroutine is handling the flexible model where the small
movement hypothesis is utilized. The elastic deformation included in the
analysis of the effect on the flight mechanics motion is based on modes
of free vibration. Therefore a large number of modes are required for
sufficient accuracy to be obtained. To the knowledge of the author, the
structural loads are then calculated based on the deformation given by
the included set of modes of free vibration.

Time domain flight simulations have been performed by Moulin and
Karpel [4], analyzing a cable-mounted aircraft model in a wind-tunnel
environment with generated gust disturbances. Unsteady aerodynamic
responses are originally computed in the frequency domain. By utilizing
rational aerodynamic function approximations it is possible to build a
state-space system for the considered aircraft model. It is then possible
to evaluate an unsteady aerodynamic response in the time domain. The
model is then exploited for simulations of flight through gusts and the
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development of gust load alleviation control laws. It is argued that it is
possible to obtain acceptable accuracy in the structural loads analysis
with a sufficiently large number of modes of free vibration in the set
of states. It is however noted that to achieve guaranteed reliability
using this method there is a demand on the type of loading which is
occurring and that a sufficient number of modes are included in the set
of states. The requirement is that it must be possible to use the retained
elastic modes to describe the structural load distribution with sufficient
accuracy.

This work aims to be a starting point for the development of an ef-
ficient method for structural load analysis. A desire for a relatively low
computational cost together with satisfactory accuracy in the resulting
structural loads is acknowledged. Such a method could then be used
for determining loads for a time history of flight in the presence of dy-
namic effects. The current contribution is describing the development
of a flight simulation method. Significant states for analyzing both the
dynamic history of the aircraft motion, the structural deformation and
the structural loads history are included.

2 Method

A flight simulation method has been developed with the overall structure
shown in Figure 1. For a prescribed aircraft model defined by a program
object, Gmodel, an initial vector of states, x0, and a requested time span,
[t0 tend], for the time integration a flight simulation is performed which
provides a time history of the states, xout, at times specified in tout.

The elastic deformation, δB, is given by the deformation in the de-
grees of freedom of a finite element model of the aircraft structure. These
degrees of freedom are often made up of three translations and three
rotations of every node in the finite element model. The considered
structural deformation is defined using a modal description according to

δB(t) = Zη(t), (1)

where the columns of the matrix Z describe the retained elastic modes of
deformation and η is the vector of elastic coordinates where each element
defines the present contribution of the corresponding elastic mode in Z.

Both motion of the center of gravity and elastic deformation are
considered when performing the flight simulation. The vector of included
states to be used for the flight simulation is chosen as

x = [xE yE zE φ θ ψ η uB vB wB p q r η̇]T , (2)
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User

tout,xout Gmodel,[t0 tend],x0

Time integration

”x(ti+1) = fcn(x(ti), ẋ(ti),x(ti+1), ẋ(ti+1))”

ẋ(ti)

Gmodel,ti,x(ti)

Forces at time ti

”f(ti) = fcn(Gmodel, ti,x(ti))”

Gmodel,x(ti),f(ti)

Equations of motion

”ẋ(ti)=fcn(Gmodel,x(ti),f(ti))”

Figure 1: Structure of the flight simulation method.

where the meaning of the different states are described in Table 1.

States Description

xE yE zE
position of center of gravity in
earth-fixed frame of reference

φ θ ψ
orientation of body-fixed frame of reference,

relative to earth-fixed frame of reference

η
states representing deformation in the elastic

modes included in the set of states

uB vB wB
velocity of center of gravity in
body-fixed frame of reference

p q r
rotational velocity of the body-fixed

frame of reference about the center of gravity

η̇
time derivatives of states representing

deformation in the elastic modes

Table 1: Description of the states used for the flight simulation.
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If Z is square and contains modes which are all mass-orthogonal,
then the modal notation can be used to describe any deformation in
the degrees of freedom of the finite element model. However, the idea
behind introducing the modal description of the elastic deformation is to
reduce the order of the problem in some way that does not unacceptably
decrease the accuracy in the deformation estimation. Therefore it makes
sense to choose the length of η to be less than the length of δB. Typically,
the length of η is much smaller than the length of δB.

2.1 Aircraft model defined by program object

The considered aircraft model object must contain all information needed
for solving the equations of motion for the included set of states at
every time step. The object should provide information about which
user-defined functions that should be used for evaluation of the external
forces. It must also provide information for evaluating external forces
that are acting at every time step, for example aerodynamic data. These
functions are then specifying how the provided data and states are to
be used in the correct manner. By including the needed information in
Gmodel the user can also prescribe how the control variables are to vary
during the flight simulation.

2.2 Equations of motion

For each time step of the flight simulation, the time derivatives of the
included set of states are evaluated, as illustrated in the lower part of
Figure 1. The time derivatives of the states are given as functions of
the current values of the states, the current values of the external forces
in the directions of the included states and model data for the specific
case. Some structural mass and elasticity information must be provided
in the model data.

The time derivative of the position of the aircraft center of gravity
in the earth-fixed frame of reference is given byẋE(t)

ẏE(t)
żE(t)

 = LEB(t)

uB(t)
vB(t)
wB(t)

 , (3)

where the matrix LEB(t) describes a transformation from the body-
fixed frame of reference to the earth-fixed frame of reference, as given
by Etkin [5].
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The states describing the rotational velocities of the body-fixed frame
of reference are also given in that frame of reference. These states are
related to the time derivatives of the euler angles of the body-fixed frame
of reference relative to the earth-fixed frame of reference asφ̇(t)

θ̇(t)

ψ̇(t)

 = T (t)

p(t)q(t)
r(t)

 . (4)

The matrix T (t) in (4) is derived by Etkin [5].

To evaluate the time derivatives of the velocities and rotational ve-
locities of the center of gravity [5] in the body-fixed frame of reference
Newton’s second law is used. Coriolis forces are included to account for
the motion of the frame of reference. The elastic modes are chosen such
that there is no mass-coupling between elastic deformation and motion
of the center of gravity, as is for example the case for elastic modes of
free vibration. Then, the velocities of the center of gravity, the rota-
tional velocities of the center of gravity and the elastic deformation can
be evaluated separately. The only coupling is introduced by external
forces, which have been determined for the present time step prior to
solving the equations of motion.

The time derivatives of the velocities of the center of gravity are
easily given using the system of equations

m

 u̇B(t)
v̇B(t)
ẇB(t)

 = mLBE(t)

0
0
g

 +

FX(t)
FY (t)
FZ(t)

−m
p(t)q(t)
r(t)

×
uB(t)
vB(t)
zB(t)

 , (5)

where the transformation matrix LBE(t) is the inverse of LEB(t), m is
the total mass of the aircraft and FX , FY , FZ are the integrated external
forces acting at the center of gravity in the respective directions of the
body-fixed frame of reference.

The time derivatives of the rotational velocities of the center of grav-
ity are found by solving the system of equations

IB

ṗ(t)q̇(t)
ṙ(t)

 =

MX(t)
MY (t)
MZ(t)

−
p(t)q(t)
r(t)

×
IB

p(t)q(t)
r(t)

 . (6)

where IB is the inertia matrix of the aircraft and MX ,MY ,MZ are the
integrated external moments acting at the center of gravity about the
respective directions of the body-fixed frame of reference. The variation
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of IB with time is not considered, this is a valid modeling if it is assumed
that the elastic deformations are small.

In the elastic degrees of freedom, the system of equation to be solved
can be expressed as

Mηη̈(t) +Kηη(t) = Fη(t). (7)

where Mη is the generalized mass matrix, Kη is the generalized stiffness
matrix and Fη(t) is the generalized force vector for the modal degrees
of freedom. Often, the elastic modes, Z, can be scaled in such a way
that the generalized mass matrix can be expressed as Mη = I and the
generalized stiffness matrix as Kη = Ω2 (diagonal matrix consisting of
the squared values of the structural eigenfrequencies).

If there is no mass-coupling between the elastic modes and the mo-
tion of the center of gravity the equations of motion can be solved in
each time step by using (3) - (7), for the specified choice of states. If the
choice of states is changed the equations of motion for those states must
be determined. A possible reason for adjusting the implementation of
the equations of motion is if a possibility for the forces to depend on
the time derivatives of the states is of interest. This will be discussed
Section 2.4.

2.3 Equations of motion for arbitrary elastic modes

Consider the case when the elastic modes in the set of states are chosen
arbitrarily, meaning that it is not possible to say that there is no mass-
coupling to the motion of the center of gravity. An description of the
resulting mass coupling terms for a truly arbitrary mode is given here.
Consider the simple example shown in Figure 2. In this Figure a beam

x

y

dmi

yZj,i

xB0,i

Figure 2: Illustrative example for coupled elastic deformation and
motion of the center of gravity.

is only oriented in the direction of the ”x”-axis when un-deformed. An
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arbitrary elastic mode is illustrated by the dashed lines in that picture.
Deformation is here only occurring in the direction of the ”y”-axis. A
mass element dmi has the undeformed position xB0,i and deforms a
distance yZj,i given by the mode shape Zj .

The deformation result in two coupling terms related to each elastic
mode. One of those is the mass integration of the mode shape. The
mass integration of the modal shape Zj is expressed as

∫
Zjdm =

∑xZj,i

yZj,i

zZj,i

dmi, (8)

and for the current example the integration is given by

∫
Zjdm =

∑ 0
yZj,i

0

dmi. (9)

The other coupling term consist of the mass integration of the cross
product of the undeformed position vector and the deformation vector.
That mass integral for the modal shape Zj is for the general case given
by ∫

rB,0 ×Zjdm =
∑xB0,i

yB0,i

zB0,i

×
xZj,i

yZj,i

zZj,i

dmi, (10)

and for this example it is simplified to

∫
rB,0 ×Zjdm =

∑ 0
0

xB0,iyZj,i

dmi, (11)

where rB,0 is the vector describing the undeformed position of a mass
element relative to the center of gravity.

As for the case with no mass coupling between the elastic deforma-
tion and the motion of the center of gravity (3) - (4) are used for the
case with arbitrary elastic modes in the set of states. However, (5) -
(7) are no longer valid. Instead a larger system of equations, including
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coupling terms, given by mI −
∫
δ̃B(t)dm

∫
Zdm∫

δ̃B(t)dm IB
∫
r̃B,0Zdm∫

ZTdm
∫
ZT r̃TB,0dm I


V̇B(t)
ω̇(t)
η̈(t)

+

+

 mω̃B(t) ω̃B(t)
∫
δ̃B(t)dm 2ω̃B(t)

∫
Zdm∫

δ̃B(t)dm ω̃B(t) ω̃B(t)IB ω̃B(t)
∫
r̃B,0Zdm

−
∫
ZTdm ω̃T

B(t) 0 0


VB(t)
ω(t)
η̇(t)

+

+

 0 0 0
0 0 0
0 0 Ω2


RB(t)
Θ(t)
η(t)

−
 mLBE(t)

03×3∫
ZTdm LBE(t)

{g} =


FB(t)
MB(t)
Fη(t)

 , (12)

is used to retrieve the time derivatives of the velocities and rotational
velocities of the center of gravity and the second time derivatives of the
states representing elastic deformation.

In (12), the modal description of the elastic deformation in (1) is
utilized and the skew-symmetric matrix notation for cross products is
used according to

a× b .
= ãb. (13)

It should also be noted that the position and angles of orientation of
the center of gravity in the body-fixed frame of reference are included as
states in (12). These states are at all times equal to zero, but since these
states have no resulting influence this notation is just included due to
that this is a commonly used form for ordinary differential equations.

If the elastic deformation of the aircraft structure that is considered
during the flight simulation is given by a linear combination of the modes
of free vibration there are no mass coupling between the elastic deforma-
tion and the motion of the center of gravity, since the mass integrations∫
r̃B,0Zdm and

∫
Zdm (and consequently

∫
δB(t)dm) in (12) are then

equal to zero [5]. If the choice of elastic modes are made in some other
way there could be mass-coupling. A reason for including other elastic
modes in the set of states can be to better describe the external loading
acting on the structure. This is of course of interest for this work, since
the intended outcome of the developed flight simulation method is to
evaluate the structural loads in an efficient and accurate manner.

One possible method that can be used to choose other elastic modes
to include in the set of states is the modal truncation augmentation
method [6]. The resulting modal truncation augmentation vectors have
no coupling to the motion of the center of gravity, just as for modes
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of free vibration. This is achieved since inertia relief is applied to the
external forces when determining the augmentation vectors.

However, if is assumed that the position of the center of gravity does
not change for the analysis it does not matter which mode is considered.
Any arbitrary deformation mode, Z̃ can be divided into the contribution
from the motion of the center of gravity as if the structure was a rigid
body, Zrb, and the elastic portion, Zelast. according to

Z̃ = Zrb +Zelast.. (14)

For the considered type of analysis it is not necessary to consider the
portion of the mode which is related to motion of the center of gravity.
The motion of the center of gravity is already included in the analysis
by other states, just as the forces in these directions are.

2.4 External forces

For each time step the external loading is determined before solving the
equations of motion, as shown in the middle part of Figure 1. Both the
integrated forces and moments acting at the center of gravity and the
forces in the elastic degrees of freedom are evaluated.

The external forces are divided into propulsive forces and aerody-
namic forces. The two types of forces are determined separately and the
routine for the specific evaluation is to be provided by the considered
aircraft model. The force evaluation is based on the current values of
the states, the values prescribed to the control variables at the current
time step and a set of needed model data. If it is assumed that the
elastic deformation of the aircraft structure is limited to a set of modes
with no motion of the center of gravity included, then any coupling to
the motion of the center of gravity will occur due to the external forces
and moments.

Unsteady aerodynamic effects in the time domain are often estimated
using rational aerodynamic function approximations [7] based on aero-
dynamic forces given in the frequency domain for a range of reduced
frequencies. If it is desired to consider unsteady aerodynamics using
this methodology, it is necessary to change the implementation of the
flight simulation. The current implementation, as given by the structure
shown in Figure 1 and the vector of included states as defined by (2),
does not provide the possibility to consider unsteady aerodynamics us-
ing rational aerodynamic function approximations. Then it could be
required to include additional aerodynamic ”mass”-terms that would
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then introduce an aerodynamic coupling between elastic deformation
and the motion of the center of gravity that must be considered when
solving the equations of motion.

2.5 Time integration

In the upper part of Figure 1 the portion of the flight simulation that
performs the numerical time integration of the ordinary differential equa-
tions is indicated. The current implementation uses a numerical solution
algorithm that utilizes the trapezoidal rule [8]. The MATLAB func-
tion ode23t is used for the time integration of the ordinary differential
function. The implementation of the time integration scheme is error-
adaptive, meaning that if the estimated error in a solution step is too
large the step-size ∆t is decreased.

The trapezoidal rule is based on the assumption of a linear variation
of a variable y(t) between two points tn and tn+1 [9] according to

yn+1 − yn =
∆t

2
(f(tn, yn) + f(tn+1, yn+1)), (15)

where the function f is defined as

dy

dt
= f(y, t). (16)

Using the trapezoidal rule, an ordinary differential equation is solved
implicitly.

3 Example of implementation

As a test case for the implementation of the simulation method, a generic
commuter aircraft is considered. The aircraft is based on data for the
Saab 340 aircraft, a Swedish 33 passenger commuter aircraft, see Fig-
ure 3. Two turboprop engines deliver the propulsive forces of the air-
craft.

A finite element beam model model is used for the structural model-
ing of the aircraft. For the modeling of the propulsion a single propulsive
force acting at the center of gravity in the body-fixed longitudinal axis is
currently used. The propulsive force is not assumed to have any direct
influence on the elastic deformation. Also, there is no included effect on
the resulting propulsive force distribution or direction due to angles of
incidence of the propeller disc.
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Saab AB

Figure 3: The Saab 340 aircraft. Copyright Saab AB.

3.1 Aerodynamic modeling

A wetted-surface panel mesh for a simplified geometry of the aircraft is
available. An aerodynamic solver that utilizes potential flow theory is
used together with the computational mesh to build the aerodynamic
model for the test case. A set of complex valued solutions for oscillations
in all of the state variables at one low reduced frequency (k = 0.001) is
produced.

An aerodynamic force increment f̄aero(ik) in the frequency domain
is given by

f̄aero(ik) = q∞Q̄(ik)x̄(ik), (17)

for an aerodynamic response transfer function, Q̄(ik), defined for an
oscillation increment in a state x̄(ik) at a reduced frequency k. The
aerodynamic response function is a complex valued function, which can
be expressed as

Q̄(ik) = QRe(ik) + i QIm(ik), (18)

divided in its real and imaginary parts. The quasi-steady aerodynamic
force increment can then be approximately defined in the time domain
due to an increment in a state as

faero(t) ≈ q∞(QRex(t) +
QIm

k
ẋ(t)), (19)

by assuming that (ik) can be treated as the Laplace variable when per-
forming an inverse Laplace transformation of the expression in (17). For



Time-domain simulation for flight loads analysis B 13

a harmonic oscillation of x(t) with the reduced frequency k, the expres-
sion in (19) is the exact solution to (17) in the time domain. The ex-
pression is considered to be an acceptable approximation for sufficiently
slow motion.

The quasi-steady aerodynamic forces in the included set of states
due to deformations in all of those states are evaluated. The current
modeling of the aerodynamic forces is based on an assumption of a
linear dependence of the included set of states.

3.2 Results

A pull-up maneuver is performed for the commuter aircraft test case.
With the current aerodynamic modeling it is only possible to consider
longitudinal motion. Therefore, five symmetric low-order modes of free
vibration and their respective time derivatives is chosen as elastic states.
The most detailed case, with quasi-steady aerodynamic modeling and
five elastic modes in the set of states is compared to two cases with
simplifications in the modeling.

For all the considered variations of the test case the simulation pro-
cedure is the same. First, a trim iteration is performed prior to the
simulation, to ensure that the aircraft is flying at steady level condi-
tions. The altitude and the horizontal flight speed is fixed for the initial
flight condition. Then the elevator setting and angle of attack is found
for the trim condition. For the simulation a prescribed time history of
the elevator deflections is defined. The trim value of the elevator setting
is added to the user defined elevator deflection at every time step and
the sum is used for the simulation. The pull-up maneuver is simulated
using the variation in elevator deflection given in Figure 4. The differ-
ence in the trim value for the different variations of the test case is very
small, only approximately 0.05◦.

The first simplification is that the structural elasticity is neglected,
but the aerodynamic modeling of the response to the retained motion
of the center of gravity is still quasi-steady. The effect of including
structural elasticity in the modeling of the aerodynamic response for the
aircraft is investigated. A comparison of the aircraft center of gravity
position for the two cases is shown in Figure 5. The position during the
maneuver is given by the x- and z-component in the earth-fixed frame of
reference. The variation in the vertical load factor during the maneuver
is shown in Figure 6. A small increase in the load factor is found for the
case where no effect of structural elasticity is included, as compared to
the case with five symmetric modes of free vibration in the set of elastic
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Figure 4: The elevator deflection used for the pull-up maneuver.
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Figure 5: The effect of including structural elasticity on the position
during a prescribed pull-up maneuver.

states.

For the second simplified test case only steady aerodynamics are
considered for the second simplified case, i.e. the aerodynamic response
is just depending on the angle of attack and the present structural de-
formation. The elasticity is still considered using the same five modes
of free vibration as for the original test case. Quasi-steady modeling
of the aerodynamic response result in a hardly noticeable difference in
the flight path and the vertical load factor, compared to the case with
steady aerodynamic modeling.

The modeling of quasi-steady aerodynamic effects has, however, an
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Figure 6: The effect of including structural elasticity on the vertical load
factor during a prescribed pull-up maneuver.

influence on the elastic deformation. In Figure 7 the deflection in the first
symmetric mode of free vibration is shown during the pull-up maneuver,
represented by the coordinate for the mode. For the case with only
steady aerodynamic forces the amplitude of the structural deformation
is higher for all the five considered symmetrical modes, even though
only the contribution from the lowest-order mode is presented here. The
quasi-steady aerodynamics have a damping influence on the structural
deflection.
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Figure 7: The effect of quasi-steady aerodynamic modeling on the
structural deformation during a prescribed pull-up maneuver.

It is reasonable to not get a large influence on the load factor by
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including effects of structural elasticity, since the test cased is based on
data for the quite stiff Saab 340 aircraft. The high structural stiffness of
the test case also explains why the modeling of quasi-steady aerodynamic
effects does not have a large effect on the vertical load factor. The flight
mechanics motion of an aircraft of this size is so slow that it mainly
cause steady aerodynamic effects. However, the structural dynamics are
considerably faster. But since the aircraft is very stiff the amplitudes of
the deformations are too small to have an evident influence.

4 Conclusions

Flight simulations are performed with the proposed method which is
being developed to be used for structural loads analysis. Both motion of
the center of the gravity and dynamic elastic deformation are taken into
account for the time integration. At the current stage of the method
development there are still limitations in the possible implementations.

Quasi-steady aerodynamic effects can be included in the evaluation
of the aerodynamic forces acting on the structure. It is intended to allow
for unsteady aerodynamic effects to be taken into account in the time-
domain using rational aerodynamic function approximations. However,
the required adjustments to the simulation structure has not been per-
formed yet. Other simplifications are made in the currently used routines
for evaluating the aerodynamic and propulsive forces at every time-step.
The choice of detail in those routines is however not connected to the
sophistication of the simulation method, as long as the routines do not
require a different choice of set of states.

For flight through atmospheric turbulence and gusts, unsteady aero-
dynamics are known to have an important effect on both structural
dynamics and structural loads of an aircraft. When the inclusion of
unsteady aerodynamics has been implemented the new flight simulation
method is going to be especially useful for these cases. The importance
of unsteady aerodynamics for the resulting structural loads during ma-
neuvers is in general not as agreed upon as for flight through atmospheric
turbulence and gusts. For the computation of loads during maneuvers
an assumption of quasi-steady aerodynamics is more reasonable than
for flight through gusts, for instance. The influence of unsteady aero-
dynamics is more significant for more flexible aircraft, since structural
deformations are in general related to comparably fast dynamics.

It is found for the considered test case, a generic commuter aircraft,
that the inclusion of a limited set of elastic modes has a very small



Time-domain simulation for flight loads analysis B 17

influence on the flight mechanical motion. The influence is thought to be
small due to the stiff structure of the particular aircraft. The results are
given for the same prescribed maneuver using the elevator control surface
of the aircraft. When comparing steady and quasi-steady aerodynamic
modeling, the influence on the flight mechanical motion is also found
to be very small. However, the influence on the structural deformation
is more clear. Quasi-steady aerodynamics introduce more aerodynamic
damping of the deformation during the considered maneuver.

5 Future work

The next step that will be taken in refining the accuracy for the current
test case is to change the modeling of the propulsive forces. The test case
consists of an aircraft equipped with turboprop engines and the current
modeling of the propulsive forces is simplified as a longitudinal force
acting at the center of gravity. The force only depends on the throttle
setting, the total velocity of flight and the density of the surrounding
air. Also, the dependence of those conditions is modeled with rough
estimates. Even though the propulsive performance is not the main
focus of the simulation method, a more accurate modeling can change
the resulting structural loads.

An improved modeling of the propulsive forces is going to be based on
an assumption that the propulsive forces are depending on the angles of
incidence of the propeller axis. The angle of attack and side slip angle
experienced by the propeller axis is both dependent of the angles of
incidence of the aircraft center of gravity and the structural deformation
of the entire aircraft structure, and this will be taken into account.
An effect of the propulsive forces on the elastic deformation will be
introduced in addition to the influence on the integrated forces acting
at the center of gravity.

The new flight simulation method will be improved with a possibility
to take unsteady aerodynamic effects into account, it is thought that this
will be especially important for flight through atmospheric turbulence
and gusts. The method is expected to be a good tool for performing
simulations of a large amount of possible variations of gusts and atmo-
spheric turbulence since the method is developed to be computationally
efficient. The efficiency of the method will be achieved through the pos-
sibility to consider a limited set of elastic modes, which should be chosen
to well represent the external loading.

To accurately represent the external loading acting on the aircraft
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structure, other elastic modes than modes of free vibration will be in-
cluded in the set of states. These modes can for example be chosen using
the modal truncation augmentation method. Even though analysis with
other modes than modes of free vibration has not yet been tested using
the current method, the accuracy in the structural loads analysis this
method can provide while retaining a good computational efficiency is
highly interesting for the future work in this field of research.
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