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Abstract

The active suppression of aeroelastic limit cy-
cle flutter oscillations is the main goal of this
work. Because of the significant dependence of
such outcomes upon flight conditions, an adap-
tive controller is selected. The related task is ac-
complished through a full state Immersion and
Invariance feedback, embodying linear filters to
simplity its design. A practical implementation
is then obtained through a sliding mode observer
reconstructing the required full state. The effect
of different fidelities in the representation of the
aerodynamic system will be verified for the clas-
sical test case of a typical section in transonic
regime.

1 Introduction

The improvement of aircraft performances
through active control systems is a well estab-
lished research and industrial topic. As different
sources state, the next generation of flight control
systems will use adaptive and non-deterministic
techniques to provide more stable and manoeu-
vrable airplanes []1].

Until the more recent decades, a some-
what inadequate computational power has re-
stricted the routine study of aeroservoelastic sys-
tems to linear(ized) subsonic and supersonic
flight regimes. Nowadays advances in com-

puter technology and Computational Fluid Dy-
namics (CFD) allow to accurately evaluate un-
steady loads for inviscid and viscous flows in
transonic regime. Therefore, the adoption of
CFD-based aeroservoelastic analyses is becom-
ing more and more viable [2], allowing studies
of transonic flows with strong shocks, possibly
characterized by large motion, whereas nonlinear
phenomena, such as weak divergence and Limit
Cycle Oscillations (LCOs) can occur. The full
control of these dangerous events is of utmost
importance in avoiding unacceptable vibrations,
self-induced oscillations, ride-quality deteriora-
tion and fatigue failures [3]].

In this work an Immersion and Invariance
(I&I) approach [4H9] is employed to stabilize an
aeroelastic system beyond the flutter bifurcation
velocity. The related theory and a large number
of applications to mechanical systems, including
airplanes trajectory tracking, can be found in [4],
while applications to spacecraft systems are ad-
dressed in [S]]. The adoption of an 1&I methodol-
ogy for simple aeroelastic systems is considered
in [7-9], where both single and multiple input,
full state based control laws are studied.

Here active flutter suppression controllers
will be designed on a realistic generic scheme of
reduced order models, including sensors and ac-
tuators, which can be either linear or nonlinear,
and then verified through higher fidelity simu-



lations characterized by a CFD-based represen-
tation of the aerodynamic system. Even if an
1&I observer formulation could be devised [4]], a
simpler, more agile and robust, nonlinear sliding
mode estimation of the required system state will
be preferred for a practical implementation of a
full state 1&I controller.

The whole design procedure will be verified
on the control of a simple pitching and plunging
typical section, featuring a NACA 64A010 air-
foil. This case is characterized by highly nonlin-
ear unsteady aerodynamic loads, producing large
shock motions and allows to verify the impor-
tance of including the dynamics of sensors and
actuators, resulting so in a challenging test for the
proposed approach.

2 Aeroservoelastic models

An aeroservoelastic system is typically com-
posed by three interconnected parts: structure,
aerodynamics and control, and, depending on
specific analysis and design needs, different
model fidelities can be used in the various stages
of its development. Here we give an introduction
to the modeling of each sub-system.

2.1 Structural dynamics model

Following a standard approach, a generic lin-
ear(ized) structural model, can be discretized into
the classical multi-degrees of freedom scheme:

M + Cyds + Kgs = geofy + Tgmg - (1)

where: M, Cy, K; are the structural mass, damp-
ing and stiffness matrices, (, the generalized
structural coordinates, whose physical meaning
is determined by the assumed discretization and
f, the external generalized aerodynamic forces,
scaled by the asymptotic dynamic pressure ge.
To explain the term TTmB in the above for-
mula, it i1s remarked that the driving degree of
freedom of any control surface is typically em-
bedded in (g, so to be easily interfaced to the
aerodynamic subsystem in the very same way as
any other structural motion. Therefore, control
surface rotations, 3, will be defined by B = Tpqs,
Tp being an appropriate linking kinematic ma-
trix, so that the generalized hinge moments, my,
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associated to the external control moments, mg,
will be given by my, = TTmB.

In the case of a typical section, the matrices
of Eq. [I|are so composed:

T
qs = {h 0 B}
i m She ShB
M= |Sw Joo O
[Swp O Jpp
_2§m (Q)NA 0 0 (2)
C,= 0 2EJgp g9 O
0 0 0
[(mo?, 0 0
K = 0 Jgeﬁ)ge 0
0 0 0

2.2 Actuator and sensor models

After defining with D(v) the diagonal matrix as-
sociated to a vector v, we assume that a set of
position servos, commanding f3 to B, can be ad-
equately modeled as:

Xact + @(2§actmact)xact + @(mgct)xact = Q)((")gct)ﬁc
mB = Q)(kﬁ) (Xact — Tqu)

‘Xact’ < Xactya s ’Xact| < Xactpax s mB‘ < mg

with €,; and @2, defining the actuator band-
width, kg an assumed acceptable low frequency
residualization of their dynamic compliance, the
‘max’ suffixed terms indicating the related (sym-
metric) saturation values. Furthermore, in view
of the need of modeling only the transfer func-
tion of accelerometer based measures, the related
output, at assigned locations, will be given by
a="T,q,, T, being a suitable displacement inter-
polation matrix. Therefore, the related transducer
dynamics (sensor, compensation, antialiasing fil-
ter) is approximated through:

% -+ D(2E,05)%; + D(0)xs = D(wZ) Tyl (4)
2.3 Aerodynamic models

Taking for granted its stability, a generic formula-
tion of a nonlinear unsteady aerodynamic system
is written as:

{Xa - fxa (X(u qS7 qs)

. (5
f,. =1, (Xa7q57qs)



ADAPTIVE CONTROL OF AEROELASTIC SYSTEMS

where X, is the aerodynamic state, which can be
either a physical entity, as in the case of a raw
CFD model, or a generically abstract reduced or-
der state, as detailed in the following.

2.3.1 CFD modeling

The aerodynamic sub-system is modeled by a
cell centered Finite-Volume (FV) scheme, us-
ing the aerodynamic code AeroFoam, devel-
oped at Dipartimento di Scienze e Tecnolo-
gie Aerospaziali, Politecnico di Milano [10].
AeroFoam is a density-based compressible Un-
steady Euler/Reynolds-Averaged-Navier-Stokes
(URANS) solver, with the Euler option being se-
lected in this work. Among its features there
is an aeroelastic interfacing scheme, based on
a Moving Least Squares (MLS) interpolation
strategy, providing all the needed functionali-
ties to set the appropriate aerodynamic bound-
ary conditions imposed by a deforming structure,
while driving a connected hierarchical mesh de-
formation within an Arbitrary Lagrangian Eule-
rian (ALE) formulation. An extended illustra-
tion of its aeroelastic capabilities can be found
in [10]. In this work any of AeroFoam aero-
dynamic formulations can be synthesized in the
form of Eq. [5] with x, being the physical state as-
sociated to the FV cell centers, i.e. density, mo-
mentum, energy and the turbulence model own
state. The generalized aerodynamic loads are
computed through the integration of the pressure
and viscous stresses on the body surface. The
high number of states (from tens of thousands to
millions) required for an accurate approximation
implies highly time demanding CFD-based anal-
yses. Consequently, such simulations are mostly
restricted to the verification phases of a design.

2.3.2  Reduced order modeling

For classical linear(ized) flows, mostly based on
the solution of an integral equation, linear iden-
tification methods can be exploited to provide
a reduced order state space representation, see
[11]] and references therein. Even when the flow
is nonlinear, e.g. Euler-based CFD codes, lin-
ear load identification methods can be adopted
for small motions around a steady trimmed so-

lution [12f]. Nevertheless, when the structural
system undergoes large enough motions, causing
significant changes of the flow field, e.g. mov-
ing shocks, an unsteady, nonlinear aerodynamic
model of the type previously described is re-
quired. As already remarked, it can provide a
high level of fidelity only at the cost of a sig-
nificantly fine discretization, with the related de-
mand of computational power and time consum-
ing simulations. This fact limits its applicabil-
ity to control designs, sensitivity studies and sys-
tem optimization, for which a Reduced Order
Model (ROM) is almost compulsory [13]. Dif-
ferent approaches for the determination of non-
linear aerodynamic ROMs are available in the lit-
erature [[12}|13]].

In this work it has been chosen to exploit a
continuous time recurrent neural network [14] to
compactly identify the unsteady, nonlinear rela-
tion between the structural motion and the aero-
dynamic loads. After defining the structural dy-
namics state as X; = [qs §s]', the related sta-
ble aerodynamic ROM can be appropriately de-
fined with the following set of ordinary differen-
tial equations:

X, =A0(Xg)+Bxg ©)
f, =C.0(xs)+D,xg

where ¢ : RNV« — RM is a function vector whose
elements are hyperbolic tangent functions, i.e.
¢;(x) = tanhx. The matrices A,, B,, C,, D,
contain the network synaptic weights, which
are tuned through a two-levels training pro-
cedure based on optimization schemes. The
first level, which initializes the coefficients, is
based on a Genetic Algorithm minimizing a
quadratic cost function of the output error: F' =

%Zfl:’l Hfa,ROM(ti) — fa,CFD<ti) ’ ‘2, where N, is the
number of training samples considered. A good
compromise between an acceptable accuracy at
the end of this phase and its computational time
can be achieved by setting the probability of mu-
tation approximately at 0.15, along with a max-
imum of 150 generations allowed. Then, start-
ing from the best population resulting from the
initialization phase, the second training level ex-
ploits the Levenberg-Marquardt algorithm, based



on the same cost function, eventually driving the
identification error to a desired converged preci-
sion at a faster pace.

The training signals are generated within the
previously described CFD solver. Random sig-
nals are given in input to all the structural de-
grees of freedom simultaneously. Amplitude and
frequency ranges to be excited are chosen by run-
ning a few open loop CFD-based aeroelastic sim-
ulations.

2.4 Complete aeroservoelastic model

Defining the extended servo-elasto-mechanical
degrees of freedom q = [qy Xact Xs| T and the cor-
responding state x = [q ¢]T, putting together all
of what above, we are led to the following non-
linear, strictly proper, state space formulation:

X =Ax+ BCBC + goBy £, (Xaa qs, Qs) + Byugy

Xg = fxa (Xayqsaqs)
y =0Cx
(7
where y is a measure output, while ugy contains
the actuator saturation effects detailed in Eq. [3]

3 Control methodology

3.1 Immersion and Invariance adaptive con-
troller

Controllers based on the Immersion and Invari-
ance (I&I) into stable manifolds are a somewhat
novel concept. The related theory can be found
in [4], while some applications to aeroelastic sys-
tems are reported in [7-9]]. The filter embedment
approach adopted here can be found in [5,/6]. The
basic I&I idea is to achieve a stabilisation by im-
mersing the plant dynamics into a stable target
system, possibly described by a reduced number
of states. Then, by introducing appropriate adap-
tive terms in the related controller, it is possible to
achieve the invariance of the manifold containing
such a target [4].
In this work the target system is represented
by:
s=J+Ay (8)
A being a positive tunable design parameter and y
the controlled target performance, which can be

A. MANNARINO, P. MANTEGAZZA

any linear combination of the system state com-
ponents. Anticipating that only the displacement
at a key point of the structure will be taken into
account, we can write:

j=Hx=[H, 0] {g}:qu 9)

with H and H, defining the appropriate single
line target output matrix, specified on a case
by case basis to define the desired y. It must
be remarked that, since we aim at a stabiliza-
tion through a single control input, a multi-
components target will result in a singular con-
troller. It would nevertheless be possible to take
into account any additional performance of inter-
est, but, as shown in [9]], the number of control in-
put must be increased accordingly. Since the per-
formance dynamics must be asymptotically sta-
ble over the manifold s = 0, it is sufficient to de-
velop a control law driving s to the origin. By
differentiating Eq. [8] the dynamics of s is driven
by the following equation:

§=V+Ay (10)
where the required ¥ derivatives are explicitly de-
fined through:

y=HAx=H,q

§ = HA’x + ¢..HAB,f, +- HAB,u,, + HAB_ B,
(11)
According to such results, Eq. [I0]becomes:

§ = HA’x + ¢ HAB,f, + HAB,ug, + HAB.B. +AH,q

= X" 00+ qeofy O+ Uy Y+ bBe + AH,q

(12)
with: o= (HA?)", o = (HAB,)", y= (HAB,)"
and b = HAB_, being unknown constant parame-
ters, except for the sign of b, which is assumed as
known. Then, after defining the positive design
parameter cg, an asymptotically stable manifold
is enforced by adding and subtracting the term
css to Eq. [T0} obtaining:

§ =X 0+ ooy @+l Y+ BB+ AH G+ co8 — C58
(13)
After defining the following vectors:
i=["'a blo by 7"

W:[X Goofa (Xa;Qs5,Qs)  Wsar (}VHqQ""CsS)]T
(14)
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Eq. [I3]can be written in the following compact
form:

$=—cs+b(Be+y'R) (15)

In order to somewhat simplify the I&I design pro-
cedure presented in Ref. [4], s =H, (q+Aq), ¥
and B, are low pass filtered and attenuated [5,6,8]]
in accordance with the following equations:

Sp=—usy+H,(q+1rq) (16a)
Vp=—uy,+vy (16b)
Be.s = —1Be.r +Be (16c)

where u is a further positive design parameter.
Given that the proposed linear filters are asymp-
totically stable, it can be shown [8] that the fol-
lowing ordinary differential equation is satisfied
asymptotically:

sp=—cosp+b (Bes+¥iR) (A7)

Since § is unknown, 1&I approximates it through
the aid of shaping terms which will force the sta-
ble manifold to be invariant. Within such a view,
we define the off-the-manifold variable z [4]:

z=(x+90)—% (18)

with 8(sr, ) being a yet to be chosen shaping
function, so that, defining a control law of the
form B s = —\p} (z+7%), it is possible to cancel
the unknown constant parameter vector ¥ of Eq.
which becomes:

§f=—cssp—byjz (19)

Using Eq. [16¢| we can write our control law B, =
s +Bog as

Bo=—v" (x+8)— v} (1+3) 0
Following the procedure presented in [7, 8], it
can be proved that the following shaping function

makes the z-dynamics asymptotically stable:

d = Yconsign (b) Sr¥y (21)

where Ycon 1S an additional positive design con-
stant. Combining all the previous definitions, we
come up with the following adaptive law:

§f = —msr+Hg(qo +2qo)
Ve =—uy,+y,
X = YCon SigN (b) Sf |:_"|Io+\|"f (Cs —1—11)}
(22)
and the resulting control law:

Be=—yT (x+39)

—Ycon Sign (b) W}\Vf [Hq (do +2Aqo) + (cs —,u)Sf}

(23)
where the suffix o indicates that the related quan-
tities are computed using the state values that will
be provided by the sliding observer described in
the following paragraph.

3.2 Sliding mode observer

The previously described 1&I controller requires
the availability of the system state for its im-
plementation. Since the significant differences
between the design and verification models
may cause system instabilities and performance
degradation, it has then been decided to resort
to a robust sliding mode observer. Thanks to
its formulation, a separation principle can be ex-
ploited [[15]], so any observer-based implemen-
tation can be carried out without regard to the
controller design. At first the method of ref-
erence [[16] was successfully adopted. Never-
theless, while practicing with its design, it ap-
peared that the resulting observer did not change
significantly the aerodynamic eigenvalues, thus
suggesting that the related reduced order aerody-
namic state was more detectable than observable.
So, after verifying that it provided equivalent re-
sults, a simpler scheme was chosen. It allows the
direct use of an aerodynamic ROM without the
need of any linearization and, recalling Eq.
has the form:

Xo - Axo + LObseo + Bc Bc‘l’
q-Bg fa,o + Yobs Vs (24)
Xao = fxa (Xao y Asy qso)

where e, =y — C,x, is the output error, X, and
X,, are, respectively, the observed servo-elasto-



mechanical and aerodynamic state, with the ob-
served structural generalized coordinates, q;, and
(s, being just the related partitions of x,,. Finally,
v, is the sliding contribution, chosen as in [16],
function of the output error e,,.

4 Numerical results

This example has been chosen for two main rea-
sons: it shows the ability of an I&I controller to
stabilise the response of a significantly nonlin-
ear system and demonstrates the importance of
a correct modeling in the design phase. It is re-
lated to a plunging and pitching typical section,
featuring a NACA 64A010 airfoil, with a trailing
edge flap, schematically represented in Fig. [T}
at sea level and M., = 0.8, whose structural data
can be found in [[17,/18]]. It is a kind of bench-

Z

Fig. 1 : Typical section.

mark characterized by a significantly complex
unsteady nonlinear aerodynamic behavior [17],
producing ample limit cycles having a frequency
in excess of 10[Hz|, which cannot be matched
by an overly simplified aerodynamic approxima-
tion. For such a reason a reference high fidelity
AeroFoam-Euler approximation of 12000 two
dimensional cells, i.e. 48000 unknowns, will be
used as the base for its validation. After remark-
ing that the servo-elastic subsystem will add just
12 states (6-structural, 2-actuator and 4-sensors),
it should be clear that the overall system size
is dominated by a huge number of aerodynamic
states, which is unsuitable for the design of any
active controller. Using the reduced order model
presented in Section a number of 4 aero-
dynamic states has proven sufficient to reproduce
sufficiently accurate aeroelastic responses in the
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range of flight conditions of interest. A sample
of the obtained open loop results is shown in Fig.
2l Running a few aeroelastic open loop simu-

L CFD
02 —ROM
0.15
0.1
0.05}
E o
e
-0.05
-0.1¢
-0.15¢
-0.27
6 6.2 6.4 6.6 6.8
Time [s]
(a) Plunge LCO response.
3t CFD
—ROM
2,
1 H
&
o, 0
[«=)
-1
_ob
-3
6 6.2 6.4 6.6 6.8 7
Time [s]
(b) Pitch LCO response.

Fig. 2 : Comparison of CFD- and ROM-based
aeroelastic LCO response, V., = 200, m/s.

lations, we have found out that the system de-
velops limit cycle solutions beyond the numeri-
cally estimated flutter velocity Vg oL = 193, m/s.
The actuator bandwidth has been set to 13, Hz,
while two accelerometers with bandwidth of 30,
Hz have been virtually placed at the leading edge
and slightly before the flap hinge line, permit-
ting a full state reconstruction by the observer.
The equivalent stiffness of the control chain has
been set to kB = 1.7-10*, Nm. The actuator sat-
urates at Bmax = 10, deg and Bmax = 40, deg/s.
To assure the system adaptivity and stability over
a wide range of operating conditions, the con-
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troller parameters are tuned considering various
flight speed, at least 25 % greater than the open
loop linearized flutter speed, combined with dif-
ferent type of simulations, such as the response
to large initial conditions, to input pulses, even-
tually evaluating the controller adaption speed
when its compensator is switched off-on during
a simulation. All the tuned designs and verifi-
cations have been determined by using an ex-
plicit Runge-Kutta integrator with adaptive step
control, providing a precision adequate to allow
an exact matching of saturation/desaturation time
instants. Moreover a realistic digital implemen-
tation of the proposed controller has been taken
into account. Through some preliminary continu-
ous designs, it has been possible to verify that the
sampled behavior of the continuous sliding ob-
server and [&I compensator could be adequately
matched at a frequency of 200, Hz, the related
discretization being based on a fixed step Runge-
Kutta-Heun integration scheme. A comparison
between analogical and digital implementations
can be better appreciated analyzing Fig. [3] where
an additional, conservatively large, processing
delay associated to the chosen data acquisition
system and control computer has been taken into
account, here expressed as a fraction of the re-
lated sampling time. We want to remark that
a vast set of simulations has been carried out
against: varied ROM and finely discretized aero-
dynamic models, system disturbances and mea-
surement noise, a £20% change of most of the
structural parameters. Nevertheless, for sake of
brevity, only samples of the related results will
be presented, trying to blend them in a way pro-
viding as a complete as possible picture of some
interesting findings of this work.

4.1 Control law design

To achieve good adaptive performances against
pulse perturbations applied through the flap, dif-
ferent flight speeds, up to 25% of VoL, are
taken into account to tune the controller pa-
rameters. The target performance, Eq. [9
is the (linearized) vertical displacement of the
typical section leading edge, so that, being
q=11h 0 B xax X xsZ]T we have H, =

Analog implementation
—— Digital implementation, 60% delay

>
3 -
@
-4
-6
-8
10 | | | | | | | i
1 2 3 4 5 6 7 8
Time [s]
(a) Pitch response.
.
Analog implementation
—— Digital implementation, 60% delay
61
o
ol
=
[0}
kA
o
=%
-2
-4
-6
8 | | | | | | | i
0 1 2 3 4 5 6 7 8
Time [s]
(b) Control surface deflection
80
60
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20t
)
~ Oh
o0
9
©
— _20H
(ol
—40H
-60
ok [;‘ , Analog implementation
- —— 3., Digital implementation, 60% delay

—— 33, Digital implementation, 60% delay
! : : ; ;

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time [s]

(c) Control speed, with saturations.

Fig. 3 : Comparison of a continuous and digital
controller implementation.



(1 Itg 0 O O O], where /g is the distance
between the elastic center of the airfoil and its
leading edge. Carrying out the design with a trial
and error-like procedure, the control parameters
of Table [Ilare obtained.

Yobs 0.5
A 50
Cy 30
u 750

Yeon 0.05

Table 1: Controller parameters.

At first, Fig. [] depicts a sample response of
the controlled typical section to an input pulse
applied at the design point. A significant ran-
dom disturbance, having a maximum amplitude
of 1.5, deg, has been applied to the control sur-
face, so showing the controller insensitivity to
disturbances.

4.2 Control law verification

A few high fidelity responses at the off-design
condition of V., = 255, m/s are presented in Fig.
Bl where the controller is switched on after 4
seconds, when the limit cycle is fully devel-
oped. Spillover effects over the larger aerody-
namic model have not been found in any of the
verifications carried out.

Some samples of the flow field during the limit
cycle suppression are depicted in Fig. [f] showing
a significant shock oscillation amplitudes of the
order of 23% of the chord. The controller appro-
priately cancels the large disturbance command
applied by the control, eventually driving such a
amplitude down to 2% of the chord.
Nevertheless, despite the good outcomes ob-
tained, it can be useful to remark that the ro-
bustness of an I&I controller can result in being
inadequate against excessively simplified design
models, e.g. unmodeled sensor and actuator dy-
namics. For example, if we totally neglect those
dynamics, a design at V.. = 211[m/s| will pro-
vide good performances with the parameters of
Table 2] with a sample of the control surface rota-
tion being depicted in Fig. [7a| Instead, by verify-
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Open Loop
—— Closed Loop without disturbance
~——— Closed Loop with disturbance

0 [deg]

i i i i i i i i i
0 1 2 3 4 5 6 7 8 9 10
Time [s]

(a) Pitch response to input pulse.

—— Closed Loop without disturbance
~——— Closed Loop with disturbance

B [deg]

0 1 2 3 4 5 6 7 8 9 10
Time [s]

(b) Related control effort.

Fig. 4 : Input pulse response of the design model,
Voo =211, m/s.

Yobs 0.5
A 50
Cs 30
u 125

YCon 0.1

Table 2: Controller parameters: ideal typical sec-
tion, no sensor-actuator dynamics.

ing the very same controller after accounting for
its digital implementation and the very same ac-
tuator adopted in the previous design, we can see,
in Fig. that it results in a rather violent insta-
bility. As witnessed by Fig. something sim-
ilar, albeit with a somewhat softer appearance,
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Open Loop
Closed Loop without disturbance
——— Closed Loop with disturbance

0 [deg]

—5H

s 5 6 7 s B 10
Time [s]

(a) Pitch response.

Closed Loop without disturbance
——— Closed Loop with disturbance

il
: ‘
i
i
i
|
i

\

171 Saturated in 3

N

B [deg]

s s 5 6 7 s B 10
Time [s]

(b) Related control effort.

Fig. 5 : High fidelity response to off-on control,
Voo =255, m/s.

applies also after accounting for just the previ-
ously used sensor dynamics, even if its 25 [Hz]
bandwidth is well in excess of the limit cycle fre-
quency. Such outcomes clearly point out the need
of taking into account any significant realization
delay from the very inception of a design proce-
dure. Finally, the robustness of the proposed ap-
proach is tested in the case where a control sur-
face free-play is present in the control ac-
tuation system. A fairly large value is chosen
(Bfree-play = 0.5, deg) and the controller described
by Table [T]is tested on the system characterized
by such a nonlinearity. The obtained results are
shown in Fig. @ As can be noticed, the con-
trol law is able to maintain the response bounded,
guaranteeing a stable behavior, yet not being able

(b) Stabilized position.

Fig. 6 : Various phases during the limit cycle os-
cillation suppression.

to compensate the presence of the free-play, lead-
ing to a residual LCO in the closed loop response.

S Concluding remarks

The paper has presented an adaptive approach
for the active suppression of a possible nonlinear
flutter through a full state Immersion and Invari-
ance (I&I) controller, coupled to a sliding mode
observer. The resulting adaptive controller pro-
vided fairly robust stabilisation properties against
differing flow conditions, sizeable system distur-
bances, model order and parameters variations.
Moreover the importance of embodying appro-
priate formulations of the dynamics of sensors
and actuators has been verified, whereas neglect-
ing them could lead to a loss of robustness, mated
to a difficult implementation. Finally, the de-
signed control law has been tested against the
possible presence of a free-play nonlinearity in
the control surface actuation system. Even if the
obtained results are encouraging, it is believed
that to fully verify the strength and weaknesses of
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(a) Ideal control surface deflection.
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(b) Ideal design response, after modeling the actuator.
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(c) Ideal design response, after modeling the
accelerometers.

Fig. 7 : Effects of omitting sensors and actuator
dynamics in the design.
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(a) Pitch response.

Open Loop
5- ﬂ —Closed Loop

B [deg]

'20 1 2 3 4 5 6

Time [s]
(b) Related control effort.

Fig. 8 : Input pulse response of the model with
control surface free-play, V.o = 255, m/s.

anon linear adaptive 1&I controller there remains
the need of focusing on more complex and realis-
tic applications, e.g. multi-input and deformable
free flying aircraft, integrating true design speci-
fications related to stability and response perfor-
mances.
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