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KEYWORDS ABSTRACT

Plate flutter The widespread use of lightweight and flexible structures in industries such as aerospac
Active control and the increasing use of thin plates in these structures, which are easily fluttered an
Statespace estimator unstable in rapid air currents, make the use of active and inactive fluttezontrol methods
Piezoelectric patch inevitable. In the present study, by examining the governing equations and employing SC

(Static Output Feedback) method, we have tried to position the vibration sensors to get th
closest performance to the LQR controller. To do this, a aengular plate exposed to
supersonic current is considered. A piezoelectric patch is used to control the vibrations.

rectangular plate exposed to supersonic current is considered. A piezoelectric patch is ust
to control the vibrations. Von Karman thinplate theory and Mindlin moderately thick plate

theory are used for simulating the plate. The firsbrder piston theory is used to model the
airflow. The equations of motion are obtained using the Lagrange method and th
displacement field approximation byfinite power series. Then, a criterion for finding the

points whose displacement feedback combination can provide the closest contrc
performance to the LQR controller is presented. Finally, the performance of the obtaine
criterion has been evaluated andonfirmed by numerical simulation. The results show that
the plate's flutter can be effectively suppressed at speeds beyond twice the critical velocit
feeding back a specific combination of certain points' displacements. The results show th
method presents a performance comparable to the LQR controller, despite removing th
state estimator.

Extended Abstract

1. Introduction

components go unstable when subjected to fast airflows. This issue has made the use of active and passive control

I ightweight and flexible components such as thin plates have been used widely in aerospace industries. These
methods inevitable. Bailey and Hodirt[1] were the first to employ piezoelectric materials to control vibrations.

In control problems involving large numbers of state variables, the LQR orla3€d methods are employed to stabilize
the system and optimize the caitperformance. System state variables are fed back as the control signal in these methods.
However, state variables of distributed parameter systems cannot be measured directly and must be estimated using sensor
data, which causegdhnical and numericgroblemsin practice. Consequently, in practical aeroelastic flutter control, it is
recommended to use the SOF (Static Output Feedback) method for direct feedback of sensor data. Patil dnd|kaziges
the first to consider thissue and examine the aeroelastic flutter control of a long wing by SOF method.

According to the published literature, the optimal placement of the sensors for the SOF control of fluttering plates has not
been investigated so far. With this aim, a rectdargplate subjected to supersonic flow is considered. Von Karmen's thin plate
theory and Mindlin's moderately thick plate theory are employed to model the system. The LQR controller is used as the
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reference to define the best displacement and velocitfpéek points. A criterion is suggested for optimizing sensors position
based on the angle between the LQR feedback gains vector and the equivalent gains vector of a-plenpaatioaal
controller. The validity of the proposed method is evaluated byeriaat simulations.

2. Mathematical Formulation

Fig. 1 presents eantilevereglate with lengtha, widthb, and thicknesh subjectedo a supersonic flow of velocity . A
piezoelectric patch of dimensiods, & and'Q is attached to the plate at local coordinai@dty . The patch acts as an
actuator to control the plate vibrations. The voltage appl
velocity feedback. The governing equations &f sgstem are presented in Réf, based on the Mindlin plate theory. Similar
equations are extracted for the case of the von Karman plate theory using some simplifications.

The displacement field is approximated udingRitz appraimation method:
0o 0n 1)
where0, 0 andr are the transverse displacement, the matrix of admissible shape functions, and the vector of generalized
coordinates, respectively. Tigeverningequations are obtained as follows:
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Figure 1. The geometry of the plate and the piezoelectric patch subjected to supersonic flow

where® is the piezepatch control voltag€Qis actuating vector, and,, 0, 6 , and0 are matrices of masstructural
stiffness, aerodynamic damping, and aerodynamic stiffness, respedtisily.the following transfer:
no_oh (3)
Eq. (2) is transfered in to modal space:
b old v U © @, 4)
where is the matrix of mode shapes in zero flow velo¢iiyy 0 1 ™) and® is the vector of state variables in the
modal coordinates, and

0 %0 % 60 %06 %h
0 %U0%H O %0 %h (5)
O % "B
The reduced model is obtained by eliminating definezblumns and neglecting the corresponding mode shapes from the
system dynamicsn the sequel, the governing equations are transferred tespi@te form:

G 60 S0k & QR
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We observe state variables vector is composed of the generalized cooddmettasand its time derivative. Therefore, we
may consider it a function of displacement and velocity of a plate's generic point. In the LQR method, system state variables
are fed back with specific gains:

® V@) Upd LM (7)
In the above equatiofKc is the matrix of feedback gains, and its submatri¢esind K2 define the gain factors of the

modal displacement and velocity variables, respectively. The state and control weighing function of the LQR controller are
defined the ame as described in R¢E]. For the case of SOP control, we employ a proportiealvative feedback:

W O 0 ohd YO @who @)
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Here0 who represents theeansversalisplacement of the sensing point, @andand”Y denote the feedback gain factor
and the time constant of the controller, respectively.

Using Egs. (1), (6), and (8), we get

® 0 0 ch

O YOS & %o US ¢ %o ©)
Comparing Eg.9) to (7), we noticethe LQR and the SOP controller are equal if YOS % Upand0 0S j %o

0¢. But, it is impossible tdind a sensor location to satisfy these conditibtmwever, it is possible to define sensardtions

that yield the closest state variables gain vector to those of the LQR controller by minimizing the angle between the feedbac

gain vectors. For this purpose, the following criteria are introduced based on maximizing the cosine of the mentiwaed vec
angle:

0S j % Up .
6 opy —=h 2P 4

US j %o ADDA .
0S f %o UC (10)
oucYy

0S § %o A)CAE
Finally, we determine the values of that minimize the difference between the gain vectors K and KS. We do this by
maximizing the following criteria :
p o, O U
6068 ——— (11)
A A A

3. Results and discussion

In the field of aeroelasticity, the system behavior is usually expressed in the dimensionless dynamic pressure
" ® O, in whichD is the plate bending stiffness.ncr easi ng the dynamic pressure and
real part 6 some system eigenvalues go positive, and the plate starts fluttering. Critical dynamic pressure was calculated for
cases of plates without patch and having a piezo or an aluminum patch to verify the performed simulation and assess the
precision of thin fate's results. The results were compared to those ofdRebtained by Mindlin plate theory. The following
dimensional quantities were used for this comparison:

@ m™ah o TIoh U T8
@To pfth QT ufo i'QTQ plt

For the case without a patch, von Karman's thin plate theory defieecritical pressure as 145.3, which is in good
agreement with that of the Mindlin theory obtained in Ref. $8t(r143§. Also, for the cases of patched plates and different
patch locations, the obtained values were comparable to those reportgddrof-Ref,8].

Using the thimplate and thickp | at e model, the stabilization of the plate
displacement feedback of different points is investigated. The piezoelectric patch is pdsitionordinates, yp)=( 80/57,
0) using the results presented in R&f.based on the dynamic stability criterion. For this study, the constant Td of Eq. (8) is
set to zero and KP is increased to stabilize the plate. To calculate the required voltage, a coefficient of the firshwiloiati
of the plate (which is involved iitutter phenomenon) is considered as the initial condition so that the displacement of the point
(x,y) = (a, b /4) isw=0.5n.
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Fig. 2 shows the applied voltage required=ad to stabilize the plate flutter versus sensor location defined by the
Mindlin theory foran 11 * 10 plate mesh. In this figure, the darker areas indicate the lower tegoiteges. The

white zone corresponds to locations where no feedback gain yields vibrations stabilization. In the black and gray
zones, the plate vibrations go unstable as the feedback gain increases. Numerical simulations show a significant
difference bawveen the result of the plate theories to define stability zones and corresponding actuator voltages.
According to Figure, the required control voltages are of the order of kV. Whiles, Table 8 of thEBR&fported

that the maximum applied voltage is limited to a few tens of volts using the LQR method and the mentioned
location of the piezoelectric patch. Weaeramied the computational codes of Réf.to ensure the accuracy of

its presented results. Also, we studied the maximum voltage predicted by the LQR method for the von Karman
and Mindlin plate models. In this study, we reached the following results:

1. Referencé8] claims that a reduced dynamic model wigh vibration modes has been used to study the flutter
control. Then, to simulate the time response of the plate, a coefficient of the first mode shape was considered for
the initial condition. By examining the programming codes used in that study, metfoat due to a programming

error, indeed, a coefficient of the tenth mode shape was used as the initial condition. Since, unlike the first and
second vibration modes, the tenth mode is not directly involved in the flutter mechanism, the required voltages
were predicted much less than they are.

2. Numerical simulations show that the von Karman theory predicts the actuator voltages higher than those
predicted by the Mindlin theory. The reason is that the piezoelectric patch excites the base plate using shea
stresses. On the other hand, in the von Karman theory, the shear stresses are assumed negligible and are omitted
in the theory development. Because of the above, we only used the Mindlin theory to prepare the results.

Fig. 3reports the time responsetbe plate in dynamic pressureasf 280simulated with the Mindlin theory and

the LQR method, assuming the first mode shape as the initial condition. In this simulation, the weighting matrices
Q andR are considered the same as in R&f. The vector of feedback gains was obtained and used to determine
the best sensor locations for the displacement and velocity feedback by minimizing the criteria presented in Eq.
(10). Fig 4 shows the contour plot corresponding to ¢higerion COSL of Eq. (10).A very similar contour plot

was obtained fo€O2 of that equationit was observed that bo@®OSL andCOS criteria have local maximums

at the same points that are PO&4,:ys) = (0.28,0)and POS2(xs, ys) = (0.36,0.21) Consequently, we considered

these points as possible optimal points for proportioleaivative feedbackAfterward, using criteriorCOS3 of

Eqg. (11) at these points, we searched for values of Td that result in a must closeness between the vectok of feedba
gainsKc andKs. It was observed that for both sensor locations maximum valG©88 is obtained wheiy=0,

which is identical to a pure proportional controller. Moreover, in both cases, the maximum v&oSdfs
considerably less than the idealu&all. As observed in Fig, basically in POS1, no feedback g&incan stabilize

the system (although specific valueskaf make the system very close to the stability boundarigg).2 also

shows that by locating the sensor in POS2, the system cdaldiézed for a specific value d€p with the least

actuator effort compared to other parts of the plhbehave a good control performance, it is necessary to go far
enough away from the stability boundaries by increasing the feedback gain. But the numerical simulations show
the stability zone is very narrow and with a slight increas&jrthe system becoes unstable.
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Figure 3. Time response simulated using Mindlin theory and LQR controller fore-= 290.

As mentioned above, in the two locations determined by Eq. (10), it is impossible to achieve appropriate control
performance with proportional or derivatipeoportional feedback controllers. However, it is still possible to achieve a
performance close tihat of the LQR controller with the simultaneous displacement feedback of both points. To achieve the
best combination of displacement feedbacks, we employed the criterion of Eq. (11). Fig. 5 shows the variations obthe criteri
COS3 versus the proportiahfeedback gains ratio. According to this figure, we get the maximum valD®$f in the gains
ratioKp2 / Kp1 = -1.1that is equal t®.89and relatively close to the ideal value 1. Hence, a hybrid proportional control with a
gains ratidkp2/ Kp1 = -1.1was used to control the plate flutter at dynamic pressur280. Fig. 6 illustarates the corresponding
control performance fdkp1 = 180®M00. According to the obtained maximum voltage and the setteling time, the performance
of the controller is acceptable and comparable to thidteof QR controller (Figure 3).
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Figure 4. Variations of the COS1 criterion versus the position  Figure 5. Variations of the COS3 criterion versus proportional
of the sensor feedback gains ratio

4. Conclusion

In many theoretical studies published on plate flutter conpiekoelectric patches are used as actuators. The applied
voltage is commonly defined using statesdé vector feedback,
cost and complexity of execution. In the present study, we tried tafiptbpriate vibration sensor locations for suppressing
the plate supersonic flutter using the SOP method. The LQR controller is used as the reference controller to finchw best se
points for displacement feedbadlhen, a criterion is introduced tadl the sensor points that combined displacement feedback
gives the closest control performance with the LQR controller. Numerical simulations confirm that an acceptable control
performance is achievable, using the introduced criterion to find the secatoihs. The method presented here may only be

applicable to specific problems, such as platesd wbhebration
useable for other control problems.

This study also showed that thin plate ttyedoes not provide reliable results for simulating plate flutter control with
piezoelectric patches since it assumes shear stresses to be negligible.
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Figure 6. Time response simulated using Mindlin theory and the combined SOF controller (combined disgement feedback of
points (xs, ys) = (0.28,0) and ((xs, ys) =
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