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Abstract

This work presents the analyses and tests carried out on an aeroelastic model
representing a conventional passenger transport aircraft. The activities and
results collected are part of the Active Flutter Suppression (AFS) project
in cooperation between University of Washington and Politecnico di Milano.
The aim of the project is the setup and the experimental validation of an
accurate aeroelastic model to investigate and validate technologies for active
flutter suppression. This work includes experimental and numerical analyses
and the related correlations as well as the results of the tests undertaken in
the last wind tunnel session in the Galleria del Vento Politecnico di Milano
(GVPM), during the last week of January 2020 with the X-DIA model, in
open and closed loop configurations. Finally, the lessons learned based on the
obtained results and the possible future improvements and implementations
are also reported.

Keyword: Aeroservoelastic Model, Flutter Instability, Correlation Tech-
niques, Optimization Process, Wind Tunnel Test, Active Flutter Suppression,
Optimal Control.
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Sommario

Questo lavoro presenta le analisi e le prove eseguite su un modello aeroela-
stico che rappresenta un velivolo convenzionale da trasporto passeggeri. Le
attività ed i risultati raccolti sono nell’ambito del progetto di soppressione
di flutter per mezzo di tecnologie di controllo attivo (AFS) in collaborazione
tra la University of Washington e il Politecnico di Milano. L’obiettivo del
progetto è l’installazione e la validazione sperimentale di un modello aeroe-
lastico accurato per studiare e validare tecnologie per la soppressione attiva
del flutter. Questo lavoro include analisi sperimentali e numeriche e le rela-
tive correlazioni, nonché i risultati dei test effettuati nell’ultima sessione di
prove in galleria del vento presso il Politecnico di Milano (GVPM), durante
l’ultima settimana di gennaio 2020 con il modello X-DIA, in configurazioni
ad anello aperto e chiuso. Infine, viene riportato quanto appreso in base ai
risultati ottenuti e i possibili lavori ed implementazioni future.

Parole Chiave: Modello Aeroservoelastico, Instabilità di Flutter, Tecniche
di Correlazione, Processo di Ottimizzazione, Prove in Galleria del Vento,
Soppressione di Flutter con Controllo Attivo, Controllo ottimo.
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Chapter 1

Introduction

Modern aircraft with the evolution of their traditional characteristics have
now reached an optimal point. The overcoming of this excellent is now
linked to the use of unconventional con�gurations not yet analyzed, innova-
tive technologies or in the possibility of exceeding the characteristic limits of
the envelope of an aircraft until reaching speeds considered so far taboo like
that of �utter instability.

In addition, the search for greater structural �exibility in the future can
no longer be separated from integration with Active Control (AC) technolo-
gies, which allow exploiting aeroelastic phenomena to improve aircraft per-
formance. In the same way, aircraft over the years increasingly meet the
need for weight reduction and with this the lightening of the structure. A
lighter structure is more �exible, and increasingly long, light and �exible
components are highly subject to instability phenomena such as that of the
�utter.
According to Frazer et al. [6]: In the practical sense ��utter � means an
oscillation which grows, and �nally either breaks the structure or remains
bounded at some amplitude whose value is dependent upon the departure from
linear laws.
The �utter phenomenon could arise on a wing of an airplane but also on the
blade of a turbine or any other structural component subject to the �ow of
a �uid that interacts with its dynamic behavior.

The research tries to move towards aircraft made, for example, of compos-
ite material, therefore subject to the characteristics listed, with a signi�cant
reduction in terms of weight. But the developments of the capabilities and
reliability of aircraft control system hardware and software (the appearance
of high-bandwidth actuators and developments in control systems theory)
permits to avoid powerful but complex multidisciplinary optimization tech-
niques (an example [18]) that do not leave residual design freedom, and to
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CHAPTER 1. INTRODUCTION

obtain signi�cant weight savings. So, these improvements seem to have made
the implementation of Active Flutter Suppression (AFS) technology closer
than ever before.
If used from the start of the design process, the technology is a key element
in multidisciplinary design optimization that could lead to more e�cient
aircraft [9]. It will therefore be essential to study the current state of the art
of AFS systems, taking into account the uncertainty, reliability and safety of
the systems on the aircraft in which they have been installed.

The Politecnico di Milano (PoliMI) in the mid-2000s generated a scale
model, with speci�c aeroservoelastic speci�cations, for the study of active
control on a three-surface passenger transport aircraft with the aim of study-
ing active control systems through tests in the tunnel at low speeds [10]. The
model now used and in analysis is subsequent to the one mentioned above
and represents its evolution for the study of control systems for the suppres-
sion of �utter in aircraft. The basic concept behind the modi�cations from
the previous model is to make it representative in complexity and aeroelastic
feature to real aircraft and also to have a model with aeroelastic character-
istics de�ned prone to �utter in order to easily carry out such as stability
analysis.

The project in which this work took place is done in collaboration with
the University of Washington, as Principal Investigator and is sponsored by
the Federal Aviation Administration (FAA) with the aim of investigating the
possible adoption of active �utter control technologies and how to include
them in the future regulations.
The FAA ( https://www.faa.gov/ ) is a governmental body of the United
States with powers to regulate all aspects of civil aviation in that nation as
well as over its surrounding international waters. Its powers include the con-
struction and operation of airports, air tra�c management, the certi�cation
of personnel and aircraft, and the protection of U.S. assets during the launch
or re-entry of commercial space vehicles.

The objectives of this work are: at �rst the realization of a well-correlated
Finite Element Method (FEM) model representing the real eXperimental
Dipartimento di Ingegneria Aerospaziale (X-DIA); second, the design of a
controller based on the features of the numerical model of the �rst point,
robust enough to bridge the uncertainties that can occur (�ight conditions,
manufacturing deviations, gaps between FEM model and the real one, etc.)
and its validation through wind tunnel tests made.
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1.1. OUTLINE

1.1 Outline

This thesis work is divided into three parts, which analyses in detail the
problems related to the numerical design of the reference aircraft, the active
control design and the wind tunnel tests:

ˆ Chapter [2] describes the background activities from which this work
starts: the modi�ed X-DIA aeroservoelastic model in detail, regard-
ing con�guration, construction, instrumentation and aeroservoelastic
characteristics and reports the �rst analysis results of a stick model
developed with MSC/NASTRAN which will be compared at a later
stage with wind tunnel test results. Stick model main features are
highlighted in this chapter with the related modeling hypotheses and
model simpli�cations.

ˆ Chapter [3] It contains all the laboratory and wind tunnel activities
carried out before the last session of January 2020 and their results.
At the end a brief comparison with the stick model already described
in the previous chapter and the results obtained during the tests are
presented.

ˆ Chapter [4] It contains the correlation process made to align the FEM
model output results to experimental tests ones.
This chapter illustrates the changes made on the mathematical model
during correlation and updating stage: the aircraft passes from a beam
description, a simple choice that aims to the knowledge of the overall
behavior of the structure, and arrives at a detailed model for the main
component under analysis: the wing.

The update improves the correlation on the dynamic behavior of the
model that reaches its �nal con�guration. This will be used in the next
chapter for the realization of the �utter controller (AFS).

ˆ Chapter [5] it focuses on the presentation of active control systems
used and on their brief description.

ˆ Chapter [6] The main topic is the latest January 2020 wind tunnel
tests. It completes the wind tunnel tests of the chapter 3.
Excitation types, simulink schemes of various blocks representing the
transfer functions used and the list of the latest tests and their meaning
are described here.

ˆ Chapter [7] It is the �nal part and focuses on the comparison between
data of the experimentation in the wind tunnel and extracted through
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numerical simulations. The Simulink modeling scheme, reproducing the
wind tunnel tests, is brie�y described. The presentation of the results
of some of the tests of chapter 6 are studied through an identi�cation
phase and a stability analyses of the closed-loop system.

ˆ Chapter [8] closes the work with some comments on the results and
a description of possible future works or improvements.
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Chapter 2

Background

The eXperimental Dipartimento di Ingegneria Aerospaziale (X-DIA) model
was initially conceived by POLIMI to study di�erent topics concerning �ight
mechanics, aeroelasticity and active control. Its con�guration can be subject
to variations according to the purposes.

Figure 2.1: Wind tunnel con�guration of the old X-DIA model.

The experimental model adopted in the present work is designed for AFS
with characteristics suitable for the study of the �utter phenomenon and its
analysis. The aim of the study is the validation of �utter suppression tech-
nologies and the impact of uncertainties on AFS performance and reliability.

The �nal model shows a more conventional con�guration with a low pos-
itive arrow wing and a T-tail without the presence of the canard. The struc-
tural properties are based on already available components, and for new
ones, they are estimated on the manufacturing technologies adopted, brie�y
described in the following sections.
The main characteristics of the new con�guration chosen are shown in �g.2.2,
taken from the MSC/NASTRAN stick model in �gure, procedure illustrated
in [4].

The description of the hypotheses and the structure and implementation
of the simplifying model will be described in detail.

Di Leone, Lo Balbo 21



CHAPTER 2. BACKGROUND

Figure 2.2: Aerolastic model X-DIA - main features - aerodynamic deriva-
tives.

The following section will describe the modi�ed X-DIA model in detail, with
reference to the con�guration, construction, instrumentation and aerolastic
characteristics, reporting the results of the tests carried out in the wind
tunnel.

2.1 Description of real model

The current X-DIA con�guration is described in its peculiar features, high-
lighting structural modi�cations and added elements to carry out the exper-
imental �utter tests. Tools and equipment used in order to collect data, to
drive control surfaces in the desired way, to create conditions of sti�ness and
elasticity suitable for analysis purposes, and safety systems for the integrity
of the model will be presented.

Figure 2.3: X-DIA con�guration used in tests.
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2.1.1 Structure

The skeleton of the X-DIA model is composed of aluminum beams connected
to each other. The fuselage beam part is in a tubular structure with rectan-
gular aluminum section.

The aluminum beam of the wing spar has an omega shape, while the
vertical and the horizontal ones are cross-shaped. Connections of structural
elements are designed and milled from aluminum blocks.
At the rear of the fuselage, a single aluminum frame connects the T-tail and
the fuselage spar.

Figure 2.4: Main skeleton and wing detail.

In the detail of �g.2.4 there is represented the aileron, the motor that drives
the surface motion, the part of the spar involved in its connection and the
aerodynamic boundary sectors.

Figure 2.5: Details of tail structure and elevator execution.

In �g.2.5 there is the tailplane with vertical and horizontal stabilizers, with a
zoom on the attacks of the horizontal one, where there is the actuation that
allows the movement of the elevator.

2.1.2 Aerodynamic sectors and Components

One of the main components are the aerodynamic sectors. They are designed
with two main purposes: to guarantee aerodynamic shapes, with enough
sti�ness, and to guarantee su�cient space for the installation of the instru-
mentation.

Di Leone, Lo Balbo 23



CHAPTER 2. BACKGROUND

The contribution of the aerodynamic shape must be limited to the added
masses, without altering the sti�ness distribution designed for an already
de�ned aeroelastic target. For this reason, all aerodynamic cover is splitted in
smaller sectors and each one connected to the main beam in a single position
along the wingspan. In this way, their sti�ness contribution is negligible and
the spar is the main responsible of the sti�ness of the wing.

In the case of the wing and the horizontal plane, the aerodynamic sectors
are produced in a block joined by 3D printer technology using a special
material called X-Form, which combines high sti�ness and low density. It
also guarantees a smooth external surface. The wing sectors are designed to
include elements for the connection with the spar, and in the case of control
surfaces, for hinges and electronic motors.

Figure 2.6: Right wing, left wing, ailerons and spars.

In �g.2.6 it is possible to distinguish the sectors of each wing, six on the right
and six on the left. The wing is tapered, so the chord length is variable along
the opening and the last two sectors of each wing are cut to leave room for
the insertion of the aileron. The chord point where the sectors attach to the
spar, the internal structure of the pro�le with the spaces necessary to pass
the cables of accelerometers and instrumentation and the cavity for inserting
the spar are also visible.
The aerodynamic sectors of the vertical surfaces are in Styrofoam covered
with carbon �bers. Finally, those of the fuselage are in honeycomb, also
covered with carbon �bers. The distinctive elements of these sectors are in
�g.2.7.
The same construction logic of the wing is implemented also for the fuselage,
with a spar which performs the main structural and sti�ness functions.
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Figure 2.7: Vertical and fuselage sectors.

In addition, among the latest changes made to the new X-DIA model, there
is a safety device placed in view of the �utter instability tests in the wind
tunnel. This system allows to change the mass con�guration of the aircraft
and move the instability speed to higher values, so as to make the system
damped again and regain control. Internally, the device contains a little
mass of 200 gr sliding from two on-o� positions (respectively forward and
backward) thanks to a guide and a pneumatic actuation system. The slide
length of the mass is about 15 cm.

Figure 2.8: Anti-�utter device (internal and external view).

In order to be able to carry out correct modal analyses, it is decided to hang
the aircraft in the tunnel using an elastic �xing system, a free-free constraint.
A constraint of this type is used so that the structure can manifest some of
the rigid body modes. This typology works all the better as it is possible
to keep the rigid body mode band (at low frequencies) separated from the
deformable one.
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Figure 2.9: Free-free constraint in the wind tunnel.

2.1.3 Electronic devices

Inside the wind tunnel, the dimensions are limited and it is not easy �nding
an adequate actuation system to be inserted within the di�erent sectors, in
order to de�ect the control surfaces. One of the features required within a
tunnel test with a scaled model is to minimize the size of the devices.

Control surfaces It is decided to have the possibility to choose between
a combined or separate movement of the control surfaces of the ailerons. As
regards the elevator and the rudder, a control system is present, but it is not
of particular interest for the aim of this thesis work.
This is accomplished through the use of a fully integrated system: sensors,
control logic, electronics and pc for data processing.

Another requirement for an aileron actuation system is the need for a
pass-band capable of exciting and controlling the structure modes relevant in
�utter analysis. The aileron and rudder control system is based on Harmonic
Drive electric motors connected to the control surfaces by means of elastic
joints. For the excursion of the elevator, however, it is decided for a similar
solution but based on a linear actuator that moves both the left and right
surfaces.

A PID controller has been designed and adopted in order to comply with
the requirements given by the aims of the project:

ˆ A maximum frequency band of at least 15 Hz.
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ˆ Introduce typical saturation of real size aircraft.

Sensors The main sensors used are MEMS accelerometers, chosen for their
high accuracy at low frequencies, but mainly because they require a normal
data acquisition system. This does not force the use of an heavy and ex-
pensive systems such as the IEPE modules, that are usually used for piezo-
electric accelerometers.

On-board pc This kind of setting admits the great advantage of a small
computer (4 cores ATOM) incorporated in the model with the ability to deal
with the needs of the acquisition of the data and process them for active
control. The pc generates, according to the control law, electric signals that
once reached the motor, are used to control the surfaces. The computer is
equipped with the system developed within the Politecnico di Milano Real
Time Application Interface (RTAI), developed in Linux.

(a) Linear actuator. (b) Harmonic actuator.

Figure 2.10: Actuation devices.

Figure 2.11: Box containing the drive control system (left), built-in computer
with data acquisition system (right).
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