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Abstract. Among the aeroelastic phenomena that affect flexible and very flexible aircraft, those caused by gusts deserve
special attention due to their potential in increasing structural loads and decreasing flying qualities. In this work, the
gust load alleviation on a smart idealized wing by active, model-based control is analyzed and experimentally tested in
a wind-tunnel facility. The results show a considerable attenuation of the wing root bending moment by decreasing the
amplitude of oscillations resulting from gust disturbances, especially at the frequency of the wing’s first bending moment
via feedback of observed output.
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1. INTRODUCTION

Recent aircraft, for both military and civil applications, are getting more flexible, especially due to the attempt of
increasing the performance while decreasing weight. Flexible aircraft are very sensible to gust loads which could result in
degradation handling qualities (Klemin, 1936; Rockefeller, 1936; Abdelmoula, 1999) or even structural damage or failure
(Noll et al., 2004). Conventional strategies of gust load alleviation generally use heavy devices, so alternative solutions
have been developed trough the use of special actuators (Moulin and Karpel, 2007) and of passive and active control (Zeng
et al., 2012; Haghighat et al., 2012; Mattaboni et al., 2012; Bernhammer et al., 2014; Wang and Inman, 2012; Agneni
et al., 2002; Tsushima and Su, 2016; Alam et al., 2015).

Structural vibration with the use of piezoelectric transducers is already investigated and is commonly found in literature
(Abreu, 2003; Fuller et al., 1996; Dimitriadis et al., 1991). Specially for aeroelastic control, the piezoelectric transducers
can be applied as a passive control application in order to increase stabilization, due to its intrinsic capacity to transform
mechanical energy into electrical energy. Agneni et al. (2002) applied piezoelectric actuators in a glider wing and
verified a weak capability of improving the stability margin, except around the natural frequencies, where a displacement
attenuation up to 130 dB was gotten for the third mode. Bruni et al. (2014) evaluated the amount of power density
harvested via electric circuit and got up to 20% of reduction of dynamic oscillation by increasing the associated electrical
resistance in 1 x 10° Ohm; Wang and Inman (2012), in turn, evaluated the energy harvested and spent by the electronic
devices embedded on a aeroelastic system. A reduction of 16 d B of tip displacement of the first elastic mode and a control
energy decrease up to 76% using the proposed Reduced Energy Control (REC) were verified. By the results obtained in
a previous work, a good performance of passive control using piezoelectric transducers is obtained specially around the
natural frequencies of the aeroelastic system under study. In spite of the advantages in weight and electronic complexity
of embedding passive control devices using piezoelectric transducers, the use of active control systems is encouraged to
provide better performance for aeroelastic control.
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Into the application of active aeroelastic control, Suleman and Costa (2004) studied the feasibility of applying piezo-
electric transducers in order to increase aeroelastic stabilization of a flexible aircraft. The performance of this technologi-
cal aeroelastic control system, which provided a gust response reduction up to 80%, was compared with the performance
of a conventional control surface which, in turn, provided a reduction up to 13%. In both cases, output-based feedback
was applied to calculate the gains.

Once the modal states of an aeroelastic system provides specific information about their dynamics, the present work
provide a study of an active control system based on observed-output feedback control law compared with the output
feedback one applied in an intelligent aeroelastic system using only piezoelectric transducers. The application of both
control systems was numerically analyzed and experimentally tested.

2. FORMULATION AND MODEL

The structural model is based on the finite-element method, employing two-node, twelve-degree-of-freedom beam
elements, assuming small deformations and neglecting shear effects. Furthermore, the model contains the inertial parcel
of the piezoelectric transducers. The aerodynamics is modeled with a quasi-steady strip theory (Silvestre and Luckner,
2015).

The dynamics of the coupled system is represented in modal coordinates by Eq. 1, where [u], [y] and [§] are the
generalized mass, stiffness and damping matrices, respectively; [®] is the matrix of mode shapes, containing the modal
displacements at a discrete set of points, for each mode of vibration considered; g4 is the dynamic pressure; [A;] is an
integration matrix that transforms the strips’ lift coefficients to elastic axis nodes, forces and moments per unit dynamic
pressure; [Ap] is the matrix containing the lift coefficient derivatives related to each strip; [D;] is the downwash matrix
containing the terms that transform elastic-axis rates of displacement to control-point downwashes (the control points
are located at 3/4 of each strip chord); [Dy] is the downwash matrix containing the terms that transform elastic-axis
displacements to control-point downwashes; {D,} contains the terms that transform the gust speed at each strip to the
control-point downwashes, hence being a column unit matrix of length ngyp; [G] is the interpolation matrix from the
structural to the aerodynamic degrees of freedom; Agyg is the amplitude and fqy is the frequency of the normal velocity
component of the gust.

{0 + [ B0 (0} + [ Bl {n (1)} =

1
aa ™ 017 61" (43 o] (1046119 () €901+ 1Du] 6101 {0 01} + (D, Asscos () ) -
The model of piezoelectric behavior of the transducers is based on the electromechanical variational principle for
piezoelectric materials (Abreu, 2003). The conversion of energy between the mechanical and electrical physical domains
is described by the electromechanical coupling matrix, denoted by [k,,] and given by Eq. 2, in which [B(’J’ ] is the axial
strain field; €31,y is the piezoelectric strain coefficient; B, = 1/ (hpzt), in which hy, is the thickness of the piezoelectric
transducer; and the domain of integration V' is the volume of the device.

[kqd)] = (Z [BN:I )T 631plezd‘/I)Zt (2)
q
\%4
3. CONTROL DESIGN

The stability augmentation system (SAS) was designed assuming two different control laws: one based on output
feedback and other based on observed-output feedback.

3.1 Output feedback

The system under study can be represented by a linear, time-invariant state-space model:

{2(t)} = [Al{z(®)} + [Bl {u(t)} + W] d(?) 3)
{y(®)} = [C{z()} @)

where [A] € R®*8 is the state matrix, [B] € R®*? is the input matrix, [IW] € R8*! is the matrix that determines the
effect of the disturbance on the state, [C] € R'*® is the output matrix, {x(t)} € R8*! is the state vector containing the
j-th elastic states 7;(¢) and its respective time derivative 7;(t) with j = 1,--- .4, {u(t)} € R**! is the input vector
containing the input voltage of the first (¢, (t)) and second (¢, (t)) PZT actuator, d(t) is the gust disturbance input and
{y(t)} € R'*! is the output vector corresponding to filtered voltage of the PVDF sensor (¢ (t)).

Once the output signal of the PVDF sensor is directly proportional to the wing root bending moment, this signal (y(t))
can be used as input of a proportional regulator to produce a control signal (u(t)), as illustrated in Fig. 1.
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Figure 1. Block-diagram representation of a regulator problem.

Since the problem in hands involves only stabilization, a pure proportional feedback was chosen, resulting in a control
law described by:

[u)} = - K] {u(0))
—-| & [, ®

where the gains K; and K could be calculated using a LQR technique by the minimization of the quadratic performance
index (J) in the form:

7= 3 [ o) o)+ )" (® uen] v o

in which the parameters p and [R] penalize the output variable and control energy, respectively.
The closed-loop system can be assumed to be asymptotically stable, so .J can be written as:

7 =5t (P )
in which [P] is a symmetric positive-semidefinite matrix that satisfies the Lyapunov equation:
([4] = [BIIK][C])" [P+ [P] (4] - [B] [K][C]) + (1Q] + [C)" [K]" [R] [K][C]) = 0. (®)

By the usage of output feedback, the control system was applied using one and two actuators in order to verify
the control performance with respect to the number of actuators used. Both cases was tested in a operating condition
corresponding to flow velocity of 5.0 m/s.

In order to obtain the best trade-off between good performance and required control energy, the parameters was set as
p =1 and [R] as described at Tab. 1. Then, the proportional gains was obtained as described in Tab. 2.

Table 1. Weighting matrix [R] to each number of actuators.

One PZT Two PZT

- ) _[55x107° 0
[R] = [1.0x 107*] | [R] = 0 2.0 x 107°

Table 2. Regulator gain scheduling, [K].

One PZT Two PZT
20.9678 64.8416
K] = 0 (K] = —54.2994
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3.2 Observed-output feedback

The state feedback can be used to provide important robustness properties that are not guaranteed using the output
feedback (Stevens et al., 2015). Generally, the states in a real system can not be accessed directly, but if the output signal
cares enough information about the dynamics of the system, it can be used to estimate the desired states. Based on the
gust response of interest, the observation of the reduced order model was applied considering only the states of greater
influence on the wing flexible dynamics. Then, since the problem proposed is to reduce the wing root bending moment,
an observer was designed to estimate the states of the first and second elastic modes.

Therefore, consider the state-space of the full-order model described by Eq. 3 and 4, and rearranged as follow:

(Ba] {ua(®)}
. =" u(¥)
@) = =0y + 5 W { oy | ©
{y(®)} = [Cl{=(®)} (10)
The reduced-order model obtained through a full-order model truncation is:
{ir(t)} = [A:]{z ()} + [Br]{ua(t)} (11)
{y.®)} = [Cr]{z(t)} (12)

where [AT] € R**4 is the reduced state matrix, [BT} € R**3 is the reduced input matrix and [Cr] € R4 is the
reduced output matrix. The reduced state vector {:r,« (t)} € R**! is given by:

T

{z:®)}={ m@) m@) nE) ) } (13)

The input vector is now {ug4(t)} € R**! and the reduced output vector is {y,.(t)} € R**!. Although the system in
question presents only one output, it captures enough information to estimate the dynamics of the plant, since { yr(t)} is
a linear combination of the modal amplitudes.

Let the estimate of x,.(t) be &,(¢t). The state observer here proposed is a dynamical system described by (Silvestre
etal., 2017):

{jr(t)} = [AT] {5:7(25)} + [Br] {ud(t)} + [L} ({y,(t)} - {Q,(t)}) (14)
{5:(0)} = [C:{z(0)} (15)

where {,(t)} is the reduced estimated output and L] the observer gain.
Looking at the Eq. 14 and 15, it is noticed that if the observer is working propely, the output estimation error defined
as:

{a)} = {w-®} — {4:(1)} (16)

should be small and the observer proposed will behave like the reduced-order model give by 11 and 12. It means that the
signals {Z,(t)} approach {z,(t)} and that the state estimation error defined as:

{z@)} = {=, @)} — {2 (1)} (17

tends to vanish. Therefore, the observer design problem is to select [L} so that the estimation error dynamic, given by:

{z(t)} = ([4,] - [L][C,]){a(t)}
= [A]{z(t)} (18)

be asymptotically stable. Equation 18 is obtained by differentiating Eq. 17 and using Eq. 11 and 14.

It is known from the literature Stevens et al. (2015) that the poles of [Ao] may be arbitrarily assigned to desired
location if and only if the system is observable, it means, ( [A.],[Cy] ) should have full rank (= 4) considering the model
of the operating condition (V' = 5 m/s), as is the case. Thus, the observer gain matrix can be calculated using the state
feedback {#(t)} linear quadratic regulator via the Riccati equation (Silvestre et al., 2017).
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Choosing weighting matrices 5014 for {#(t)} and 1 for {f(t)}, then solving the associated Riccati equation, the
observer gain matrices L calculated is:

—6.8445
6.4583
L= 23.7832 (19)

344.2186

Uncoupled control was chosen to be applied to the aeroservoelastic system, in order to dedicate one actuator to each
state and evaluate their contribution to the gust load alleviation. So on, the 7; state was set to the first actuator (nearest to
the base) and the 7); state was set to the second one.

The gain of the 77; loop was calculated by the minimization of a performance index which integrates the square of the
output signal, i.e. PVDF signal, in order to lead the moment at the root of the wing to zero, as described at the Eq. 20.

J= / o)t (20)

ty

The parameters of this performance index was the augmented matrices of the system counting the observer dynamics,
the amplitude and frequency of the gust disturbance (1 Hz and 2 H z) and the time interval of integration, which would be
the same of that applied to experimental tests (At = 40 sec.). So, the contribution of this state to this gust load alleviation
problem could be evaluated by its performance.

With the 7; feedback loop gain in hands, the root locus methodology was used to calculate the 1; feedback gain and
the closed-loop system was obtained closing the 7; loop first and then the 7; after. So, the gain that provides the major
damp to the first flexible mode, for each point of operation, could be calculated graphically.

Finally, the gain matrices for observed-output feedback control are:

K] = { _%00 _(310 } @

4. EXPERIMENTAL PROCEDURE

The aeroservoelastic system under study is a flat plate-like wing, containing a slender body on its free tip, two PZT
actuators attached on one surface and a PVDF sensor on the other one, as illustrated in Fig. 2.

N

Slender body

Flat plate ———— >

PZT actuators

/ PVDF sensor —
w;
Figure 2. Aeroservoelastic system components.

The idealized wing is clamped to an inertial base in vertical position and presenting no mean angle of attack. At a
wind tunnel, the wing is subjected to wind velocity of V. = 5.0 m/s. As can be seen in Fig. 3, a gust generator was
mounted in the tunnel to perform changes in wind flow direction and generates sinusoidal vertical gust with 1.0 H z and
2.0 Hz of frequency of oscillation.

A dSPACE 1103 Data Acquisition System was used to process the input/output signals and to apply the control law.
The I/0 modules support a voltage signal up to £10 V.
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Figure 3. Wind tunnel with gust generator section and the flat plate.

As shown in Fig. 4, an ACX Quickpack Power Amplifier (Amp,) was used to amplify the control signal from the
dSPACE to the PZT actuator, which works nominally about +200 V. So, an amplification gain about 20 was set.

To amplify the signal from the PVDF sensor, a Measurement Specialties Piezo Film Lab Amplifier (Amp,) was used
in order to set the output voltage signal in the same order of the dSPACE input signal (10 V). This amplifier contains a
multi-pole band-pass filter with the cutoff frequencies at 0.1 Hz and 10 H z.

Still in the Fig. 4, the subsystem I represents the flat plate with piezoelectric transducers illustrated in Fig. 2 and the
subsystem II represents the system described by Eq. 3 and 4 and illustrated in the Fig. 1.

0 0)

Amp, > PZT Wing PVDF Amp,

dSPACE

=|A'VA

JEEEESEN

Figure 4. Block diagrams of the experimental setup.

5. RESULTS AND DISCUSSION

Tests were performed for each case of number of actuators, employed control law and disturbance frequency of
oscillation. The maximum reduction detected for each case of disturbance mode and first elastic mode is described in

Table 3. Maximum reduction of disturbance mode.

OF' OF SF?
1 actuator | 2 actuator | Uncoupled control
% o | % o % o
V=5, faw =1Hz | 45 | 14.1 | 52 | 88 | 65 12.8
V =5, faux =2Hz | 47.7 | 13 | 68 | 15.1 | 35 9.8
! Output feedback
2State feedback

3 Standard deviation (%)
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Table 4. Maximum reduction of fist elastic mode.

OF! OF SF?
1 actuator | 2 actuator | Uncoupled control
% | o | % o % 1%
V=5 faux=1Hz | 7 | 43.1 | 70 | 26.9 | 90,7 3.4
V =5, faw =2Hz | 15 | 74.6 | 65 | 17.88 | 87.5 4
! Output feedback
2State feedback
3 Standard deviation (%)

Tables 3 and 4, respectively. The output observation technique will be referred here as state feedback.

As can be seen at the Tab. 3 and 4, there is a tendency of getting more reduction of oscillation of disturbance influence
and first bending mode when using multiple actuators for both control laws tested, with better performance offered by
the output-observation technique, except in the reduction of disturbance mode when the gust frequency is foust = 2 Hz.
In Fig. 5 and 6, time and frequency responses of wing bending moment in both open and closed-loop applying output
feedback, for one and two actuators are shown, and the performance improvement using multiple actuators is evident, as
expected. In Fig. 7, open and closed-loop responses applying the output-observation technique is shown. Comparing to
Fig. 5 and 6, the latter technique is more efficient for wing bending moment reduction at both frequencies (65% reduction
at gust excitation frequency and 90.7% reduction at the frequency of first aeroelastic wing mode). The achieved results
with the latter technique are encouraging for applications in very flexible aircraft.

Open loop | |
\ Closed loop | |
1.05 Hz 1

3.89 Hz

i
T

Voltage [V]
o o o o
o ~ o ©

o
~

Normalized amplitude
o
(9]

o
w

o
N

o
e

) Open loop | . Closed loop | o
0 5 10 15 20 25 30 35 40 0 2 4 6 8 10 12 14 16 18 20
Time [s] Frequency [Hz|
(a) Time response (b) Frequency response

Figure 5. Output feedback - V =5 m/s, foust = 1 Hz and 1 actuator.

10 T T T

[ ——— Open loop | |
8 B ol \ Closed loop | |

[

Voltage [V]
o o o o o
~ o ~ (o<} ©

Normalized amplitude
o
(5]

o
w

o
N

8 b 0.1
10 Open loop | . Closed loop 0
0 5 10 15 20 25 30 35 40 0 2 4 6 8 10 12 14 16 18 20
Time [s] Frequency [Hz|
(a) Time response (b) Frequency response

Figure 6. Output feedback - V =5 m/s, foust = 1 Hz and 2 actuators.
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Figure 7. Observed-output feedback - V' = 5m/s, foust = 1 Hz.

6. CONCLUSIONS

The gust load alleviation of a smart flexible plate-like wing via active control was presented. The performance of
the gust load alleviation system was analyzed for different techniques: a standard output feedback and a novel technique
based on observed-output feedback. While the use of two actuators is more efficient than one actuator as expected, and
shows considerable reductions of at least 52% of the wing root bending deformation, the observation of truncated state
can achieve up to 90.7% of load reduction at the wing first elastic mode, while slightly increasing performance in the gust
frequency.

The use of the novel technique based on observed-output feedback showed to be promising for gust load alleviation in
smart flexible structures and encourages a more detailed investigation.
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