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FEM Finite Element Method
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1 Executive Summary

The objective of the deliverable is to conduct a comprehensive comparison of results and findings
obtained from various sources. The primary purpose of this specific assessment is to instill confidence
in the developed tools and methods for the collaborative design toolchain.

The data acquired from flight tests will serve as a reference point for validating models related to struc-
tural dynamics, aerodynamics and controls. To facilitate this validation process, analysis tools will be
designed for test and simulation results. For the structural dynamics tools will be available in Nastran
which can be tuned based on available ground testing data. For the aerodynamics the output of dif-
ferent tools will be compared with flight test data gathered for the demonstrator aircraft. Furthermore,
the results of the different methods available for flutter analysis will be cross-compared in order to gain
confidence in the aeroelastic modeling at different stages of the collaborative design toolchain.

The proposed approach of model validation allows a thoroughly examination of the tools and methods,
which are chosen for the collaborative design toolchain.
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2 Overall Architecture and Tools to connect MDO and Test-
ing

This section provides an overview of the Multidisciplinary Design Optimization (MDO) toolchain and the
tools utilized within it. Each block of the toolchain is briefly introduced, along with an explanation of the
interconnection between the MDO, Hardware-in-the-Loop (HIL) test, and flight test toolchains.

2.1 Overall Architecture and Tools of MDO Toolchain

The central component in this scenario is the MDO toolchain, which encompasses its own optimiza-
tion process and returns to the Common Parametric Aircraft Configuration Schema (CPACS) gener-
ation block after each iteration. The primary objective of the MDO toolchain is to demonstrate the
enhancements achieved through optimization, encompassing aircraft geometry, sizing, modeling, and
control design concurrently, in comparison to the reference aircraft. The overall architecture of the MDO
toolchain is illustrated in Figure 1.
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The subsequent sections will provide a concise overview of the function blocks within the MDO toolchain
and the standard tools employed. For more detailed information, please refer to the previous deliver-
ables from the project, specifically D1.2, D1.4, D2.2, and D4.1.

2.1.1 CPACS

CPACS, the data model introduced and developed at the DLR since 2005, utilizes an extensible markup
language (XML) implementation. The structure of CPACS follows a top-down approach, leveraging
the hierarchical nature of XMLs data representation. This approach involves decomposing a generic
concept (such as an aircraft) into more detailed descriptions of its components. This methodology
aligns with the conceptual and preliminary design stages of an aircraft, where the level of detail initially
starts low and progressively increases throughout the design process. The hierarchical structure of
CPACS also facilitates ease of use as an exchange format within collaborative design environments. It
allows various stakeholders to effortlessly append their results due to the simplicity and compatibility of
the format. As such, CPACS serves as the designated data model within this toolchain.

2.1.2 RCE

The Remote Component Environment (RCE) [2], developed by the DLR, is an open-source software
environment designed for creating and running workflows that involve distributed simulation tools. RCE
achieves this by integrating these tools into a peer-to-peer network. Within this toolchain, RCE serves
as the integration platform, facilitating the seamless collaboration and interaction of various simulation
tools.

2.1.3 CPACS generation block

The CPACS generation block, positioned as the initial block in the MDO toolchain, serves the purpose
of generating the CPACS dataset utilizing the tixi library. The CPACS dataset encompasses crucial
information pertaining to the geometry and structural characteristics of the demonstrator. Furthermore,
it also serves as a repository documenting the information relevant to the parameter study conducted.

2.1.4 Geometry block

The Geometry block is designed to facilitate the updating of the Catia model based on the incoming
CPACS file from the upstream CPACS generation block. Its primary objective is to examine the modi-
fications within the geometry and make corresponding updates to the Catia model. By comparing the
incoming CPACS file with the existing model, the Geometry block ensures that any changes in the ge-
ometry are accurately reflected in the Catia model. This synchronization process enables the model to
stay up to date with the most recent design specifications and ensures consistency between the CPACS
dataset and the Catia model.

2.1.5 FE model block

The finite element (FE) model block serves two primary functions in the workflow. First, it is responsible
for meshing the geometry model obtained from Catia. This involves dividing the geometric representa-
tion into discrete elements or nodes to create a FE mesh. The meshing process is crucial for accurate
structural analysis and simulation.

In addition to meshing, the FE model block also assigns structural properties to the meshed elements.
This step involves defining material properties, such as elasticity, density, and other relevant parame-
ters, to ensure accurate representation of the physical behavior of the structure during analysis.

Furthermore, within the FE model block, a Splining model is generated. The Splining model is a valu-
able component that couples the structural and aerodynamic models. It allows for the integration of
aerodynamic forces and loads into the structural analysis, enabling a comprehensive understanding of
the interactions between the structure and the surrounding airflow.
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Overall, the FE model block plays a crucial role in preparing the geometry for analysis by meshing it,
assigning appropriate structural properties, and generating a Splining model to capture the coupled
effects of aerodynamics and structural behavior.

2.1.6 Aero model block

The aero model block operates by taking the geometry definition from the CPACS file as input. lts
primary function is to generate the Doublet Lattice Method (DLM) aerodynamic model based on this
input geometry. Once the DLM aerodynamic model is generated, the aero model block exports it to a
Nastran Bulk Data File (BDF) format. By exporting the DLM aerodynamic model to a Nastran BDF file,
it becomes compatible with the Nastran software for further analysis and integration with the structural
model.

In summary, the aero model block takes the geometry definition from the CPACS file, generates the
DLM aerodynamic model, and then exports it to a Nastran BDF file format. This allows for seamless
integration of the aerodynamic model with the structural analysis workflow using Nastran.

2.1.7 Aeroelastic Model Generation and Simulation

This block utilizes aerodynamic, structural, and spline grid information, along with mass and stiffness
matrices, to generate a Simulink model. The generated Simulink model is then employed for control
synthesis design purposes.

2.1.8 Baseline and Flutter Suppression Control Design Blocks

The block the aerodynamics and structural dynamics model data delivered from the previous block
by DLR-SR. Based on this data the block first generates two models: a quasi rigid body model with
the 12 rigid body states for the baseline control design and one low order aeroelastic model for the
flutter suppression control design. The baseline controller is designed next based on the 12 state
model. Since the rigid body model can have unstable rigid body modes, which the baseline controller
stabilises, it is crucial to use the inner loops of the baseline controller for the flutter suppression design.
Therefore, the inner loops of the baseline controller is connected to the low order flexible model and then
the flutter controller is synthesized for this model. Finally, the analysis block receives the full baseline
controller, the flutter controller and the flexible model and the robustness margins of the closed loops
are assessed. Based on this, the open loop flutter speed and the achieved closed loop robust flutter
speeds can be evaluated. Below is a short evaluation of the results of a parameter study. The flutter
mass and the sweep angles were varied as presented in Table 1.

Table 1: Demonstrator RCE results

Flutter mass [k] Sweep an- | Open loop flutter | Closed loop robust | Gain in flutter
gle [deg] speed [m/s] flutter speed [m/s] | speed [%]

0.24 20 56 65 16.07

0 20 >70 >70 -

0.12 20 66 >70 -

0.36 20 50 59 18

0.24 0 53 63 18.87

0.24 10 53 62 16.98

0.24 15 53 63 18.87

0.24 25 58 62 6.9

0.24 30 61 66 8.2

It can be seen that the modeling for the baseline and flutter control design, both control design tools
and the analysis run successfully in an automated fashion for all parameter variations.
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2.2 Connection between MDO Toolchain and Testing

The HIL test and flight test blocks play crucial roles in validating the developed methodologies, as
depicted in Figure 2.

The HIL tests focus on evaluating the practical implementation aspects of the controllers, serving as a
final step before conducting flight tests.

In the case of the MDO toolchain, flight tests serve two primary objectives. Firstly, they validate the
maturity of the control design technology, particularly for the manoeuvre load alleviation (MLA), gust
load alleviation (GLA), and flutter suppression controllers, which have not undergone flight testing using
the model-based design methodology within FLIPASED. Secondly, flight tests provide an opportunity for
fine-tuning the controllers manually to achieve optimal performance and gain valuable insights for both
the designers (making the models and the controllers) and the broader aviation community. In this
context, the automatic execution of the synthesis algorithms is not a critical criterion, as the focus lies
on optimizing controller performance based on the updated aircraft model derived from flight test data.

At the conclusion of the cycle, the lessons learned from the HIL tests and flight tests are fed back into
the MDO toolchain through engineering considerations. If the HIL tests identify any implementation
challenges with specific controllers, the corresponding control design algorithms need to be updated.
Similarly, if the flight tests reveal performance or robustness issues with a controller, the algorithms
must be adjusted accordingly.

Geometry
(CAD)

HIL tests
FEM (NASTRAN) HIL model
Structural sizing

e |
— HIL test
Mass Model payload,
fuel, add. system FCC
mass

@ Aero model
<’ Pilot training
(0] E

’Oo 1
L—
/06 Model Integr. Flight test Lessons learnt
'Sy, >
“

i

Loads
analysis

Ctrl Design FCS
HQ assessment

Flutter

Ground test,
GVT

Flight tests

Mission
Analysis

Figure 2: Toolchains developed in FLIPASED

In the following sections a more detailed explanation regarding toolchain validation is provided.
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3 Structural Dynamics Model Validation

The tasks related to structural dynamics of the aircraft models are led by DLR-AE, but contributions are
made by ONERA, TUM, SZTAKI and DLR-SR as well.

The main steps regarding the task are:

e structural model development and ground vibration test (GVT) based update
e Model comparison and fine tuning for RCE toolchain based and GVT based model matching

e Operational modal analysis based model update during flight tests and its connection how this
feeds back to NASTRAN models

e Description of used tools and how they can we standardized

In this chapter, a summary of the structural dynamics model and the model-updating activities pertaining
to its update are described.

3.1 NASTRAN structural dynamic model

The structural dynamic models of the T-Flex aircraft are developed using a modelling toolchain estab-
lished during FLEXOP and FLIiPASED. In total, three pairs of wings are designed, manufactured and
tested on the unmanned aerial vehicle (UAV) test-bench:

(i) wings -0 - a pair of wings optimized using balanced-symmetric type of laminates serving as the
reference wing

(i) wings -1 - a pair of flutter wings designed to trigger flutter within the test-regime, whose flight
envelope will then be extended using active flutter control

(iii) wings -2 - a pair of wings optimized using unbalanced composite laminates, to demonstrate pas-
sive load alleviation through aeroelastic tailoring

The structural FE models for the wing pairs -0 and -2 are generated using an in-house model generator
ModGen at DLR-AE [3], while those of the -1 wing are obtained from a CAD-FEM toolset at TUM.
The wing models are integrated to the fuselage and empennage models generated during FLEXOP at
DLR-AE. The fuselage and empennage models are also generated using ModGen [3].

3.2 Model-updating of the -0 wings

A ground-test campaign [5] involving structural tests and GVTs has been performed on the T-Flex
aircraft. An update of the FE model of the -0 wing has been performed based on experimental data and
is presented in this section.

Three different methodologies for finite element model updating (FEMU) using Nastran were developed:
i) a simultaneous approach, ii) a static and dynamic separated approach, and iii) an approach with two
static steps and then dynamic FEMU. The overall implementation of FEMU in Nastran is shown in
Figure 3.

11
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Figure 3: Schematic diagram of FEMU implementation in Nastran

The simultaneous approach used the GVT and static data to formulate the FEMU optimization problem
in one step. This method could not generate results due to limitations in the mode tracking capability
inside Nastran. Nastran was not able to track the structural eigenmodes from one iteration to another
during the optimization process, even though the step size of the parameter change per iteration was
significantly reduced.

The second approach divides FEMU into a static FEMU and then a dynamic FEMU. It has the advantage
that the dynamic update does not change the static behavior of the structure and that the Nastran mode
tracking capability works if, in the dynamic FEMU, the step of parameter change between iterations is
sufficiently small.

A third approach was considered to take into account the uncertainty in the modelling of the clamp
attachment between the wings. In the first phase of the three steps the stiffness of the clamps of the
wing is updated using static test data. This followed by the two steps similar to the second approach.

Additionally, FEMU was also tested using FEMTools. FEMTools is an independent solver and computer-
aided engineering (CAE) software for the analysis of structures [1]. The model updating was divided in
static and dynamic update, the static update included the static test results, while the dynamic update
included GVT results.

3.2.1 Static data comparison
The updated models were compared to test points that were not used for the udpdate, namely 2.5g and
5g equivalent loads that were introduced onto the wings.

Various FE models were compared, but only few presented significant differences in the results. For
example, the differences between a model that scaled the mechanical properties E;, E,, G;, of the com-
posite material together and another that independently scaled these properties, led to results with no
significant differences. Therefore, the model that scaled the mechanical properties together was cho-
sen because this scaling has better physical meaning as it changes the composite A components from

12
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the ABD matrix defined by composite laminate theory proportionally. The FE models that presented
substantial differences were:

Non-updated FE model

Updated model using the static and dynamic approach (Updated all at once A matrix)

Updated model using the two static steps and then dynamic FEMU approach (Updated 2 phases
A matrix)

Updated FEMTools using Nastran as solver

The spanwise deflection and twist angle for the 2.5G load factor are shown in Figure 4 and Figure 5
respectively. It can be observed that the FEMTools updated model is the closest to the non-updated
model, and both tend to be stiffer than the experimental results, with the FEMTools updated model being
slightly closer to the experimental results. In terms of deflection, the updated models using Nastran are
very close together and more flexible than the experimental data. On the other hand, concerning twist
angle, they tend to match the experimental data, with the two step static approach being slightly stiffer.

The spanwise deflection and twist angle for the 5G load factor are shown in Figure 6 and Figure 7
respectively. In terms of deflection, the best match with the experimental data was obtained by the
FE models updated using Nastran, while the non-updated model and the FEMTools model seem to
be stiffer than the experimental results. Concerning twist, all the FE models tend to be stiffer than the
experiment, with the non-updated being the farthest from the experimental results, and the updated
model with one static step being the closest to the test results.

Overall, it can be seen that the best performance was obtained by the FE models updated using Nas-
tran, with the FE model that used a two step static approach having more engineering insight because
of the constraints applied on the updated parameters.

2001 —8— Experimental b g
Updated 2 phases A matrix
1751 % Updated all at once A matrix ﬁ
b4

x

Updated FEMTools Nastran solver
1501 @ MNon-updated

1254

100

z [mm]

751

50 4

0.5 1.0 1.5 2.0 2.5 3.0 3.5
y [m]

Figure 4: Spanwise deflection (z displacements) of the wing for a 2.5G load factor
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Figure 5: Spanwise twist angle 6 of the wing for a 2.5G load factor
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Figure 6: Spanwise deflection (z displacements) of the wing for a 5G load factor
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Figure 7: Spanwise twist angle 0 of the wing for a 5G load factor

3.2.2 Dynamic data comparison

The first 5 non-rigid experimental mode shapes, obtained from the GVT data, were used for the dy-
namic behavior comparison between the FE models and the experimental data. The frequency results
are presented in Table 2, and the modal assurance criterion (MAC) between the FE model and the
experimental mode shapes is presented in Table 3.

From Table 2 it can be seen that the updated FE models have closer frequencies to the experimental
data than the non-updated FE model. The closest frequencies were obtained by the FEMU performed
in Nastran.

Concerning the mode shapes, from Table 3 it can be seen the MAC of the mode shapes did not change
significantly between the updated and non-updated FE model.

Experimental Non-updated Nastran FEMTools
Mode Freq[Hz] Freq[Hz] Error Freq[Hz] Error Freq[Hz] Error
6 3.37 3.56 5.6% 3.37 0.0% 3.16 6.2%
7 8.27 9.17 10.8% 8.42 1.7% 7.85 51%
9 12.12 12.93 6.7% 12.10 0.1% 11.47 5.4%
11 19.26 19.86 3.1% 19.18 0.4% 18.34 4.8%
12 23.00 26.43 14.9% 26.11 13.5% 20.60 10.5%

Table 2: Frequency comparison for the first 5 non-rigid experimental modes

15
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Mode Non-updated Nastran FEMTools
6 0.96 0.96 0.96
7 0.95 0.95 0.95
9 0.95 0.95 0.95
11 0.44 0.44 0.44
12 0.93 0.92 0.89

Table 3: MAC between the different FE models and the experimental data for the first 5 non-rigid experimental
modes

3.3 Comparison of -1 aircraft structural dynamic model with static test

The FLEXOP project conducted a comprehensive static test of the -1 wing simultaneously with the -0
and -2 wings. The primary objective was to verify the stiffness properties of the manufactured wing and
validate the accuracy of the FE model developed during the design stage.

Figure 8 illustrates the wing tip deflection at different load cases, showcasing the linear relationship
between the applied load and deflection. However, it is important to note that due to measurement
errors, a zero drift was observed when the load was increased from zero and then decreased back to
zero.

5 kg load case
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Figure 8: Displacement vs load at tip of the wing from Figure 9: Span-wise displacement of wing under tip
static tests (-1 wing) load (-1 wing)

To replicate the static test, the FE model was refined and adjusted. A comparison between the simula-
tion and the actual test was conducted, focusing on the span-wise displacement of the wing under a 5
kg tip load (Figure 9). The results revealed that the manufactured wing exhibited greater flexibility than
initially modeled, showing a similar trend to the -0 and -2 wings. The deviation between the simulation
and test results was approximately 12%, not accounting for the zero drift observed during the test.

Furthermore, the torsional load cases were also investigated. Figure 10 demonstrates the linearity of
the model under various torque loads. A comparison of the span-wise torsion of the wing under a 2
kg torque load (Figure 11) revealed minimal differences of only 0.1 degrees. Taking into account the
inherent measurement errors, the simulation and test results aligned quite well.

These static test findings provide valuable insights into the stiffness properties and structural behavior
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of the -1 wing. The significant flexibility observed in the manufactured wing highlights the importance
of real-world testing and serves as a basis for further design refinements. By enhancing the accuracy
of the FE model and addressing the observed deviations, future optimizations can be made to improve
the wing’s performance and ensure its reliability during flight operations.
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Figure 10: Torsion vs load at tip of the wing from static Figure 11: Span-wise torsion of wing under tip load (-1
tests (-1 wing) wing)

3.4 Comparison of -1 aircraft structural dynamic model with GVTs

The generation of the -1 wing FE model was carried out at TUM using a CATIA-Hypermesh toolset. This
highly detailed model encompasses both structural and non-structural components, including on-board
systems, ensuring a high-fidelity representation.

Table 4 presents a comparison of the eigen frequencies between the -1 aircraft model (without updates)
and the ground vibration test (GVT) results. Generally, a good agreement is observed between the FE
model and the GVT outcomes. However, two significant observations arise from this comparison.

Firstly, the third flexible mode (3n_wing_bending-a) exhibits the most notable difference between the
experimental results and the GVT. Given that this wing bending mode plays a critical role in the flutter
mechanisms of the -1 aircraft, it becomes crucial to update the wing FE model to accurately capture
the frequency of this mode.

Secondly, the second flexible mode (1n_wing.in-plane-a) is observed during the GVT but not in the
FE simulations. This mode involves relative motion between the fuselage and wing, as depicted in
Figure 12. This occurrence can be attributed to some degree of free-play or softness in the attachment
between the fuselage and wings, which is not accounted for in the idealized attachment assumed by the
FE models. To simulate this mode, an approach under consideration involves introducing soft springs
at the wing-fuselage interface to ensure its presence in the simulation. Furthermore, ongoing studies
are exploring the update of the FE model to address the aforementioned mode, and the use of tuning
beams is planned as part of this endeavor.

In conclusion, the comparison between the -1 wing FE model and the GVT results has highlighted the
need for updates to accurately capture the critical wing bending mode and address the relative motion
between the fuselage and wing. These updates, along with the incorporation of tuning beams, will
contribute to improving the fidelity of the FE model and enhance its ability to simulate the aircraft’s
behavior more accurately.
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Mode | GVT (hz) | FE (hz) | Af (%)
2n_wing_bending-s 2.94 2.9 -1.02
1n_wing_in-plane-a 7.01 - -
3n_wing_bending-a 7.57 8.15 7.66
wing_torsion-s 10.27 10.50 2.24
wing_torsion-a 10.73 10.61 -1.12
4n_wing_bending-s 12.13 12.11 -0.16
2n_wing_in-plane-s 15.07 15.06 -0.07

Table 4: Comparison of eigen frequencies of the flexible modes: GVT vs FE model of the -1 aircraft (in - i nodes
in the mode, s - symmetric, a - antisymmetric)

Sy | ,::;"_:-:
e e
S e ‘r __'_'_,.r-- ——

Figure 12: -1 aircraft 1n_wing_in-plane mode

3.5 Model-updating of the -1 wing

The initial model updating of the -1 wing is performed using data obtained from the static test. In this
process, a knock-down factor is applied to the engineering stiffness values (E;, E,, Gi2) of the wing skin
and spar. The model updating procedure focuses on the 3 kg bending load case as a basis. As depicted
in Figure 13, the simulation results exhibit a close resemblance to the test data. The deviation between
the simulation and test results is reduced to 2mm, falling within the range of test error.

Moving forward, the torsional load case with a 2kg load is simulated using the updated model, as
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Figure 13: Span-wise displacement of wing under tip Figure 14: Span-wise torsion of wing under tip load (-1
load (-1 wing) wing)

illustrated in Figure 14. As expected, no noticeable differences are observed since the parameter
updating primarily accounts for the bending load case. With the completion of the model updating
process, a modal analysis is conducted using the updated model. Figure 15 presents a comparison
of the eigenfrequencies among the ground vibration test (GVT) data, the original FE model, and the
updated FE model.

Notably, only the 3n asymmetric wing bending mode exhibits improvement, while all other modes show
a deterioration. This outcome can be attributed to the fact that the static test-based updating primarily
tunes down the engineering stiffness (E;), consequently resulting in decreased eigenfrequencies. To
address this issue, the next step involves the localized implementation of tuning beams to enhance the
performance of the 3n bending mode without adversely affecting the other mode shapes.

Nr Mode GWVT FEM deviation % updated FEM deviation updated %
0 2nwing bending-s 294 291 -1.1% 274 -5.91
1 3nwing bending-a 757 8.15 7.7 7.68 1.13
P wing torsion-s 1027 105 2.2 10.43 1.6
3 wing torsion-a  10.73 10.61 -1.15 10.53 -1.86
4  4nwing bending-s 1213 1211 -0.1%9 11.42 -5.83
5  2nwing inplane-s 1507 15.06 -0.05 14.32 -4.9g

Figure 15: Comparison of eigen frequencies of the flexible modes: GVT vs FE model vs updated FE model of the
-1 aircraft (in - i nodes in the mode, s - symmetric, a - antisymmetric)

3.6 Comparison of RCE aircraft model with static test and GVT

The initial model generated through the MDO toolchain was developed to simulate the static test setup.
However, it was observed from Figure 16 that the RCE model exhibited significantly higher stiffness
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compared to the manufactured wing. To address this discrepancy, a similar approach as the -1 wing
updating process was employed, applying a knock-down factor to the engineering stiffness of the wing
spar and skin. As illustrated in Figure 17, the results of the wing bending simulation with the updated
RCE model show a much closer alignment with the static test results.

3 kg load case 3 kg load case
70 70
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simulation RCE simulation RCE
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Figure 16: Span-wise bending of wing under tip load (-1  Figure 17: Span-wise bending of wing under tip load (-1
wing RCE model) wing RCE updated model)

Additionally, a modal analysis was conducted for both the initial RCE model and the updated RCE
model. The outcomes of this analysis can be observed in Figure 18. Notably, following the update, im-
provements were observed in all the listed modes, indicating a better alignment between the simulation
and test data.

Nr Mode GVT RCE FEM deviation % updated RCE FEM deviation updated %
0 2nwing bending-s  2.94 381 20.63 289 -1.54
1 3nwing bending-a  7.57 10.05 32.82 T8 259
2 wing torsion-s  10.27 12.25 193 10.65 374
3 wing torsion-a  10.73 127 18.33 10.86 1.24
4  4nwing bending-s  12.13 17.38 43.3 13.25 925
5 Z2nwing inplane-s 1507 17.86 18.54 14.43 -4 27

Figure 18: Comparison of eigen frequencies of the flexible modes: GVT vs RCE FE model vs updated RCE FE
model of the -1 aircraft (in - i nodes in the mode, s - symmetric, a - antisymmetric)

3.7 Validation of the low order aeroservoelastic model

The last step is to validate the accuracy of the low order aeroservoelastic (ASE) model that is con-
structed in the modeling block of the RCE framework. This model serves as the basis for the automatic
baseline and flutter suppression control design algorithms. The model is a set of linear time invariant
(LTI) models that are obtained form the nonlinear model by Jacobian linearization at airspeed values

20



" -l
FIIPASED

between 38 and 64 m/s. The model needs to capture the low frequency dynamics of the aircraft for the
baseline control design and the flutter modes for the flutter suppression design.

The base model is the low order model of the FLEXOP aircraft that is described in [4]. The pole map

trajectories (as function of the airspeed) of the base model and the RCE generated models are shown
in Figure 19.

Pole-Zero Map
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Figure 19: Comparison of pole trajectories of the ASE models: Legacy FLEXOP model vs RCE generated model
of the -1 aircraft

The plots show good match between the legacy FLEXOP and the RCE generated model. The pole
trajectories show similar trends and the interdependency between them is also very similar between
the two modeling frameworks.
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4 Flutter Analysis Validation

Within the project different partners have used different flutter analysis tools. However, they should in
the end give similar results. It is therefore very straight forward to compare the results of the different
methods of flutter analysis and use this as a validation of the tools and if any implementation mistakes
has happened along the way.

4.1 Flutter Analysis using NASTRAN SOL145

The NASTRAN SOL145 flutter solution is used as one potential tool to evaluate the flutter stable bound-
ary. The tool has been used for instance, to decide on safe configurations with respect to the triggerable
flutter mass, as well as to compare different system configurations on the wing, for instance the design
of the flutter mass trigger mechanism itself.

The flutter analysis is based on PK-solver from which the aeroelastic frequencies and damping are
obtained. Shown for instance in Figure 20 is the flutter analysis for the nominal configuration with the
flutter mass in its "loaded” position and the flutter stopper mass as per the nominal design.

4.2 Flutter Analysis based on Linearised Models

The Simulink model representing the nonlinear flexible aircraft dynamics can be used in order to deter-
mine the open-loop flutter speeds and frequencies. The aircraft is trimmed and linearised for a couple
of flight conditions. Especially, differences in flight speed are of interest for the demonstrator aircraft,
as they have the biggest effect on the aeroelastic modes. The set of linearised state-space models is
then analysed with respect to their eigenvalues. It is then possible to see the gradual change in the
eigenvalues and therefore the frequency and damping for varying flight conditions as exemplary shown
in Figure 21. As soon as a pole crosses the imaginary axis and migrates to the right half plane, unsta-
ble flutter becomes an issue. Based on the trimmed airspeed of the linearised systems it can then be
determined what the flutter speed is. This leads then to Figure 22, which shows the damping and flutter
frequency for symmetric and asymmetric flutter over the flight speed. As soon as the damping crosses
the zero line the corresponding aeroelastic mode becomes unstable.

4.3 Flutter Analysis Method based on low order control oriented mod-
els

The current section describes the flutter analysis of the linearized reduced order control oriented mod-
els. These are the models that are used for the flutter suppression control design in the MDO toolchain.
The overall approach is very similar to the one described in the previous subsection. The main differ-
ence is that the nonlinear Simulink model of the aircraft is constructed from reduced subsystems. In
the next step the nonlinear model is trimmed and linearized over an airspeed grid between 40 and 70
m/s. Finally, the eigenvalues of the linearized models are evaluated. The flutter speed is the airspeed at
which the first flutter mode becomes unstable. The results are, as expected, very similar to the results
presented in the previous section. However, the flutter speed is overestimated by approximately 1 m/s.
The reason for this overestimation lies in the neglected dynamics resulting from the low order modeling.
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Figure 20: Aeroelastic frequency and damping vs airspeed for the nominal flutter configuration
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Figure 22: Change in damped frequency and damping ratio with respect to airspeed
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5 Conclusion

This deliverable summarizes the steps of validation that have been performed in order to examine the
maturity of the developed tools within the collaborative design process. Data generated from simula-
tions, ground tests, or flight tests are used to achieve this goal. Furthermore, the models and methods
are validated through comparisons between different techniques, tools, or simulations and test data.

The FE models are validated based on ground tests performed with the demonstrator aircraft, while for
the aerodynamics different tools based on Computational Fluid Dynamics (CFD) and lifting line theory
are compared with the collected flight test data. The methods used for structural and aerodynamic
modeling have been found to be suitable for the collaborative design process. By leveraging the building
blocks and expertise in flight dynamics, the ASE model of the aircraft is constructed using analytical
models. These models have been updated and validated, e.g. by comparing the results of different
flutter analysis methods.

The design of the flight control laws for the demonstrator also utilizes model-based tools, with their
validation achieved through HIL and flight test campaigns. This confirms the reliability of the underly-
ing ASE models and the design tools. Consequently, it can be concluded that parametric variations
within the integrated design toolchain will yield well-performing closed-loop systems, making the results
applicable for conceptual aircraft design.
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