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Active Panel Flutter Suppression Using
Self-Sensing Piezoactuators

F. Dongi,* D. Dinkler," and B. Kroplin*
University of Stuttgart, 70550 Stuttgart, Germany

Nonlinear flutter of flat and slightly curved panels in high supersonic flow is investigated based on a von Kirmain
plate model for the structure and on linear piston theory for aerodynamics. A finite element formulation of adap-
tive structures with piezoelectric material layers is developed using classical laminate theory. Sensor equations are
derived for self-sensing piezoactuators. The paper briefly discusses linear and nonlinear flutter analysis techniques.
Dynamic feedback control is used to suppress flutter of adaptive panels. Linear observer-based state feedback is
shown to fail in the face of structural nonlinearity and flight parameter variations. Therefore, a novel control ap-
proach using output feedback from a pair of collocated or self-sensing piezoactuators is proposed. This new control
methodology based on active compensation of aerodynamic stiffness terms is investigated regarding robustness

and design limits.

Introduction

ONLINEAR panel flutter is known as a self-sustained oscil-

lation occurring beyond a critical flight velocity in the high
supersonic or hypersonic flow regime'?; see Fig. 1. Because of
aerodynamic pressure forces on the panel, two eigenmodes of the
structure merge and lead to dynamic instability. The amplitudes of
flutter motion are bounded because of tensile membrane stresses
induced by bending of the geometrically nonlinear structure. Nev-
ertheless, panel flutter should be avoided to prevent fatigue damage
to the structure. The state of the art is to stiffen those panels in dan-
ger of flutter, a method that usually introduces additional weight to
the design. In recent years, renewed interest in finite element-based
investigations of nonlinear panel flutter has grown due to novel con-
cepts of high-speed aircraft.>* The use of adaptive materials such as
shape memory alloys (SMAs) and piezoelectric ceramics has been
proposed to save weight by actively suppressing panel flutter.>~°
The approaches can be divided into static and dynamic actuation.
Because of long heating/cooling cycles, SMA actuators are predes-
tined for the static approach,’ i.e., introducing a prestress field to
the structure to increase the flutter boundary. Piezoceramic actuators
were found to possess too low strain capability to be efficiently used
in this way. However, dynamic feedback control with piezoelectric
actuators has been investigated and shown to be able to suppress
panel flutter.5—°

Lai et al.%7 and Zhou® use linear quadratic regulators (LQRs)
for modal state feedback, which depends on measurements from
modal sensors. However, it seems difficult to determine flight-state
dependent aeroelastic modes using shaped sensors. In this paper,
the application of a linear state observer is investigated. Alterna-
tively, direct velocity feedback control has been applied to flutter
suppression.®® As will be pointed out here, this method is not effi-
cient in the case of merged-mode flutter.

The paper first outlines the finite element formulation for the cou-
pled electromechanical/aeroelastic problem of panels with piezo-
electric material layers. Self-sensing actuators'%~'2 as a special case
of collocated actuator/sensor pairs are addressed. A brief survey
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of the LUM/NTF method®* for nonlinear flutter analysis is given.
State feedback control based on linear observers and a novel output
feedback approach are then investigated using design examples of
adaptive panels.

Mathematical Model

Adaptive Panel Structure

The von Kdrmén plate equations including predeformations to
allow for geometric imperfections are applied to model the structure.
Using index notation, one can express the strains as follows:

%(va,ﬂ +vg,)+ %(w,aw,,«; T WaW g+ WaW,g) — X3W,0p

6))

60,/3 =

€op  X3Kap @p=12
where v, w, and k. are the in-plane and transverse displacements
and the curvature, respectively, and @ denotes the transverse pre-
deformation. The spatial coordinates are x;, x,, and xs.

The adaptive panel is acomposite structure with passive and active
material layers; see Fig. 2. For passive material layers, stresses and
strains are coupled via the elasticity tensor:

Oup = Eaﬂ;/&eyS 2
Active layers are assumed to consist of piezoelectric materials that’

are polarized in the x3 direction and isotropic in the {x;, x,} plane.
For this configuration the material law is given by

Fig. 1 Panel flutter at supersonic speeds.
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Fig.2 Adaptive structure with piezoelectric layers.

Oup = Eopys(€ys — days E3) 3
Djs = &3 + daap Eapyseys
where
& = €13 — daap Eapysdays C))
Here, dypy» Es, &, and D5 are the tensor of piezoelectric strain
coefficients and the transverse components of the electric field, the
electric permittivity, and the electric displacement, respectively. The
electric field component is found by differentiation of the voltages
across the layer thickness,
Ey=-U, 5
A piezoelectric coupling tensor is defined as
Xep = Eaﬁyﬁd3y8 (6)
Consider a structure with » material layers, each of which has thick-
nessh;(i =1,...,n).Letn, layers be piezoelectric material layers
denoted by indices k(j)(j = 1, ...,n,). Using classical laminate

theory, one determines the stress resultants per unit length by inte-
gration across all layers: '

*3)n :
Ngg = / Cap dxs = Aaﬁysegs + Baﬂy&"y&
[¢

(x3)0
np
+ Z(Xaﬁ)k(j)/ Usdx; )
j=1 By )

(x3)n
My = / Oop¥3 dxs = Baﬂységg + Dagysicys
¢

(x3)0

np
+ Z(Xaﬂ)k(j) f

j=1 L5

U,3x3 dX3 (8)

The terms A,,,,';y,s, Bopys, and Degy s are the membrane, coupling, and
bending stiffness tensors of the composite structure:

(x3)n
(A, B, D)apys = / Eagys(1, 3, (x3)7) dx3 ©)

(x3)o

Aerodynamic Loads

The aerodynamic model is based on inviscid; compressible po-
tential flow. For the flight velocity region /2 < My, < 6, linear,
quasistationary piston theory is applied to formulate the pressure
loads on the panel!~36-%: :

2 2 -2
Poolton {Mw -"2+(w,1+w,1)] (10)
M2 — 1

a __ '
Ps = M2 — 1 ug

Where P, Uoo» and M, are the air density, flow velocity, and Mach
number, respectively. The term w , leads to aerodynamic damping,
and w ; contributes to the stiffness of the aeroelastic system. Static
aerodynamic loads occur in the case of panel predeformations.

Finite Element Formulation

The dynamic equilibrivm of the coupled electromechani-
cal/aeroelastic system is formulated in a weak form applying the
principal of virtual work:

a pb .
SW = /f {8y, + SwWuw 4 — SVy pRap
0J0 ‘

+ W gpMap — SW aNag(W + W), g + SV Pu + dwps

u> M2 —2w -
Pootoo [ 2 —L 4 (B, +w,1) | dx2dx;
MZ — 1 ;

5
Tow M2, —1 g

Np

+y / 8Us{&3Us ~ (Xepdrciap } 4Vi

j=1YVup

+ boundary terms = 0 48

Here, N, denotes the total number of piezoelectric material patches
in the structure, and p,.and p; are the in-plane and transverse loads
per unit area, respectively. Integration of the virtual work is carried
out across the plate dimensions a, b. The panel mass per unit area
is determined by summing up the mass densities p; of the layers:

p= anp,-hi | (12)

i=1

To obtain nondimensional finite element matrices, Eq. (11) is multi-

_plied by the factor a® /(Dyb), where Dy is the bending stiffness of a

characteristic panel element to be defined for each design example.
Furthermore, normalized spatial coordinates

x—l =x1/a, JE2=X2/b, . fg, =X3/h0 (13)

and a normalized time coordinate
Dy -
poat

are introduced using the mass per unit area py and thickness hy of
the characteristic panel element. In the normalized formulation the
virtual work due to the aerodynamic loads becomes

T = wol, Wy = (14)

1,1
// Swl/Aedaw ¢ + Ag(w 1 + 0 )] diy dX, (15)
©JoJo .

where w  denotes differentiation with respect to x1. The nondimen-
sional flow and aerodynamic damping parameters, respectively, are
given by :

2 .3 .
= e a6)
(M2, - 1) "Dy
and
AP
d =(_M°_°_i)_M an

(Mgo— 1)z.s o

In the case of horizontal flight, A, and d, are functions of the Mach
number M, only.

Substituting Egs. (7) and (8) into expression (11) and consider-
ing the kinematic relationship (1), one obtains a formulation based
on displacements and voltages. Spatial discretization is carried out
using four-node rectangular finite elements with bilinear and bicu-
bic Hermitian shape functions for in-plane and transverse displace-
ments, respectively. Additionally, 12-node brick elements are used
for each piezoelectric material layer. Interpolation of the voltages
is chosen bilinear in the {x;, x,} plane and biquadratic across the
layer thickness. In reality, electrodes cover the top and bottom sides
of the piezoelectric layers. As a consequence, the appropriate node
voltages are set equal to each other. Zero potential levels are chosen
at the bottom sides. The midplane variables remain free. For sensor
layers this procedure leads to five DOFs per element. In the case of
actuators the top node voltage is prescribed, which results in four
DOFs per element.



1226 DONGI, DINKLER, AND KROPLIN

Equations of Motion
After compilation of the element matrices, the equations of mo-
“tion are found as

M;,; 0 + Dy O + Kiy(v, %) Ky (v, ¥)
0 0 v 0 0 2x Ked(vv ‘7) Kee 1

- [”O"] + [F";v ‘_’)] 7 | - (18)

"Here, the vector of DOFs is given by ¢” = [T UT], where v and
U are the vectors of node displacements and node voltages, respec-
" tively. The indices d and e denote terms coupling with displacements
and electric voltages, respectively, and p, is the vector of external
mechanical forces. The voltages U applied at the actuators exert in-
fluences on mechanical and electrical DOFs described by the input
matrices F, and F,, respectively. Nonlinearities occur in the stiff-
ness and input matrices. The stiffness matrix is unsymmetric due to
aerodynamic load contributions and electromechanical coupling.
The number of DOFs is reduced by elimination of the node volt-
ages U. Solving the second line in Eq. (18) for U and substitution in
the first line yields a reduced equation for the node displacements:

Mygv o +Dagv o + K3y =pa + F3U (19
with the modified nonlinear stiffness matrix
K, =Ky — K. K, 'K (20)
and the modified nonlinear input matrix
Fy=F,;—K.K,'F, 21

Both matrices can be divided into sums of terms with different order
of nonlinearity in v, and w:

K;, ="K}, + K3, +°K},

OK;d = OKdd + st - OKde OK_;I OKed

&

(22)
IK;d — led _ lee ()_Ke_el OKed _ OKde OKe_el lKed
2 ;d — 2Kdd _ 1Kde OK;I lKed
Fy = F5+'F}
°F* =F, — °K,;, °K_'F, . (23)

'F; ='F; — 'K, °KF,

The left superscripts refer to the order of nonlinearity. The term K4,
is the unsymmetric aerodynamic stiffness matrix the elements of
which depend linearly on the flow parameter A,.

Sensor Output Equations B
Piezoelectric sensors exhibit electric surface charges O when
strained. From the principle of virtual work for a sensor layer k()
an expression for the electric charge Q is obtained under the as-
sumption of zero electric potential at the lower surface:’
-0= U3 {80 s —apdip€as} AViy  (24)
Ve

A discrete sensor output equation can be obtained by using the finite
element method with the 12-node brick elements described earlier.
For a structure with an arbitrary number of strain sensor outputs,
this yields

y=0=S8@vy (25)

where § is the nonlinear sensor output matrix.

The idea of self-sensing piezoelectric actuators has been proposed
by various authors.!%~12 These devices, which are also called senso-
riactuators, represent a special case of collocated actuator/sensor
pairs. In practice, the difficulty lies in adaptively tuning self-
sensing actuators to compensate for their feedthrough capacitance.!!

Subsequently, ideal self-sensing actuators are assumed for which the
linearized output and input matrices are related as follows:

05 = o(°F3)" 26)

The real constant « is equal to 1 in the present formulation. Note
that for the nonlinear parts of S and F?, the preceding equation does
not hold.

Flutter Analysis

The homogeneous part of the equations of motion (19) is trans-
formed into a nonlinear time-invariant state equation

x,0 (1) =A@, ¥) x(7) 27
wherex” ={yTy,T ], %7 =[#70], and A is the nonlinear state matrix:
0 I
AR, %) = . . 28)
—M;dKﬁd(x,f) _Md_dDdd
Flutter boundaries can be determined by linear eigenvalue analysis

of the state matrix A, linearized about the static equilibrium state
X of the panel: :

3
AL(X) = 5;[14 (x, X¥)x] (29)

X=X

The linearized state matrix is a function of the aerodynamic pa-
rameters A, and d, defined in Egs. (16) and (17), respectively. For
nondimensional flutter analysis d, is usually held constant such that
the eigenvalues of A; depend on A, only. The flow parameter is
successively increased until two eigenvalues of A, merge and one
of them crosses the stability boundary into the right half of the com-
plex plane. The flow parameter AJ" for which this happens is called
the linear flutter boundary of the system.

In the parameter region A, > AZ" limit-cycle flutter occurs. The
investigations are restricted to the prebuckling region of the panel.
Hence, higher periodic and chaotic oscillations are not looked upon.
Numerical time integration to determine flutter amplitudes is often
very costly. Therefore, iterative methods based on harmonic analysis
have been developed for flutter amplitude computation. In this paper
the linearized updated mode/nonlinear time function (LUM/NTF)
approximation approach by Xue and Mei® and Gray and Mei* is
applied. This method assumes a harmonic oscillation of the state
variables:

x(t) = wXcoswrt 30)

where X is a complex vector normalized such that @ represents
the amplitude of the maximum transverse deflection in limit-cycle
flutter. Because of the nonlinearity of state equation (27) substitution
of Eq. (30) leads to higher order cosine terms that are approximated
as follows:

cos’ ot =,/ 1 + L cos 2wt cos wr &~ (1/4/2) cos wt

cos® wt = (3 cos wt + cos 3wr) ~ 2 coswr
The determination of flutter amplitudes is based on the eigenproblem
of a state matrix
0 I
(31

A(F) = T -
® [—MddlK(x) ~M;!Dyy

with the new stiffness
K@ =K}, + (0/V2) Ky ®, %) + (02 /4)°K;, (3%, %) (32)

using the terms of Eq. (22). The LUM/NTF algorithm consists of
an inner and an outer loop. In the inner loop, the nonlinear eigen-
problem for the state matrix A is solved iteratively by successive
eigenmode analyses of A and updates of ¥ until convergence of the
eigenvalues is reached. The outer loop consists of the search of a A
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with both d, and the flutter amplitude @ prescribed. In this manner,
one obtains pairs {AS (@), W} that define a flutter amplitude diagram.

The influence of static loads such as temperature stresses, pressure
differentials, or static aerodynamic loads due to geometric imper-
fections is investigated in a precomputation step using the Newton—
Raphson iterative solution scheme. In such cases terms due to static
displacements must be included in the nonlinear stiffness matrices
in Eq. (32).

State Feedback Control

Lai et al.57 and Zhou® propose linear optimal control of a reduced
modal system for flutter suppression of panels with piezoelectric
sensors and actuators. They assume that the modal state variables
are known for feedback. In practice, modal sensors or state observers
must be applied to obtain measurements or estimates of the modal
coordinates. It seems difficult to account for varying aeroelastic
modes with shaped modal sensors. Therefore, the performance of
observer-based modal state feedback is subsequently investigated
for a design example.

Consider a one-dimensional, simply supported aluminum panel
in horizontal flight at a height of 20 km (p,, = 0.089 kg/m? and
a5 = 295.1 nv/s). The panel dimensions are lengtha = 1.2 m, width
b = 1 m, and thickness # = 2.2 mm. A lead zirconate titanate (PZT)
layer of thickness h, = 0.2 mm is ideally attached at the lower
surface of the panel. It is divided in two self-sensing actuators of
equal length a/2 = 0.6 m. The mechanical and electrical material
properties of aluminum and PZT are given in Table 1.

The panel is discretized with 12 elements in longitudinal direction
resulting in 35 DOFs. Using linear eigenmode analysis, one finds
the flutter boundary for the uncontrolled panel to be AS = 337.1,
which is equivalent to MZ = 1.931.

Using the linear quadratic Gaussian/loop transfer recovery
(LQG/LTR) methodology'? a feedback controller is designed to sup-

-press flutter up to M, = 6.0. First, the equations of motion (19) are

linearized and transformed into modal space resulting in a system
with 35 modes. A reduced system with the first six modes is used
to design a linear optimal controller. Robustness recovery13 is car-
ried out to achieve a linear observer. The compensator is checked
for linear stability robustness with an eigenvalue analysis of the
closed-loop system with 35 modes.

To compare linear quadratic regulator (LQR) performance with
LQG performance, the closed-loop system without observer is
backtransformed into physical coordinates and simulated including
structural nonlinearity. This approach implies linear input behavior
of the actuators. Simulation results using a Runge-Kutta—Merson
integration scheme are given in Fig. 3. Starting from:limit-cycle

Table 1 Material constants of aluminum and PZT

Property Unit Aluminum PZT
E N/m? 7.0x 10 - 63 x 1010
v —_— 0.33 0.292
o kg/m? 2710 7600
ds1) = d3 m/V B — 1.9 x 1010
d312 = d31 m/V —_— 0
& As/Vm - 1.5 % 10‘78
6.0 — T . PRI B A B
—— LQR
40} |=—1w00
2
S 20
3
s
"E‘ 0.0
T
© =20
_4 o 1 " i 1 ] A 1

02 oo 02 04 06 08 10
t[s]

Fig. 3 Flutter suppression control: LQR vs LQG.

flutter at M, = 6.0, the LQR is activated at ¢ = 0.0 and success-
fully suppresses flutter motion within 1.0 s.

Numerical simulation of the LQG performance is carried out by
coupling the nonlinear equations of motion with the modal observer
€quations via the nonlinear output matrix. The results are given in
Fig. 3. The LQG compensator is found to be unable to meet the
performance specifications of the LQR. This is due to the linear
observer model that leads to incorrect estimation of modal states
in the case of large nonlinear deflections of the panel. Note that to .
show this effect clearly actuator saturation was not considered for
the simulations. Although the LQR designed for M,, = 6.0 yields
stable closed-loop systems for all lower Mach numbers, LQG con-
trol is limited to the design case. Adaptation of observer parameters
will be required if control for varying flight conditions is demanded.

The poor performance robustness was to be expected since a linear
observer cannot efficiently simulate nonlinear structures. However, .
nonlinear observers proposed in the literature appear to be 1) not
applicable to the distributed, high-dimensional system and 2) much
too involved in the case of individual panel control under real flight
conditions. To avoid the robustness problems of observer-based
state feedback or the shape adaptivity requirements of modal sen-
sors, output feedback control shall be investigated as an alternative
approach.

ACAS Control

In the high supersonic range, merged-mode panel flutter is caused
by nonconservative aerodynamic forces that are represented in the
equations of motion (19) as skew-symmetric terms in the aerody-
namic stiffness matrix K7,. The aerodynamic damping terms have
a stabilizing effect on the panel dynamics. Their influence on the
flutter boundary is small. Therefore, when aiming to suppress flut-
ter with output feedback, it is pointless to put active damping into
the system. This is different to the case of single mode flutter in the
low supersonic range that is due to negative aerodynamic damping.?
Frampton et al.’ successfully used active dampmg to suppress panel
flutter in this flow regime.

The idea of a controller for the active compensation of aero-
dynamic stiffness (ACAS) is outlined for an undamped two-mode
system first. The aerodynamic stiffness matrix is not included in the
eigenproblem but looked upon as a disturbance term. When trans-
formed with the modal matrix of the undisturbed system, the modal
aerodynamic stiffness matrix K is skew symmetric:

Uy, @ 0 0 +k v

~1 TT + 1 ) + ~1

V257t 0 —k 0 Uy

=V, +{A+K)=0 (33)
The squared eigenvalues of the disturbed system are

M, = +/o2 — k2
where
w? + w? w? — o?
o =——2, o = ——— G4

Dependent on the parameter k ~ A,, the eigenvalues take different
locations in the complex plane; see Fig. 4.

Increasing k destabilizes the dynamic system. Hence, feedback
control is chosen such that the influence of k is compensated.

Im

X k=0
O k=0,

e
i

flutter mode: k > Oy

axis of symmetry

Re

Fig. 4 Eigenvalues of disturbed system.
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ACAS
controller

actuator

sensor
A

Fig. 5 ACAS control concept.

Consider the two-mode system to possess two self-sensing or col-

located actuators the positions of which guarantee controllability.

The linearized input and output matrices are transformed into modal
space and inverted. Because of collocation, see Eq. (26), the modal
inverse output and input matrices read

- - cn ¢
12 C11 C12 , Fl=qo 1 €2 35)
€ €22 <

Ci2 2
The control law for output feedback is chosen as follows:
U=0cy, G = yF'Kk*§! (36)

which leads to a skew-symmetric gain matrix, where g =

kya(ciicn — cracan),
0
G= [ +g] @7
-z 0

Here, y is a positive real tuning parameter. The closed-loop system
contains a compensated modal aerodynamic stiffness matrix

L [ 0 +k ]
K—FGS=(1~-v) (38)
—k 0 ‘
Thus, by applying ACAS control to a two-mode system, the param-
eter k is replaced by (1 —y)k. The skew symmetry of the gain matrix
G implies that the output of the second self-sensing actuator is fed
back to the first, and the output of the first actuator is fed back to
the second, but with opposite sign of amplification; see Fig. 5.

For panels with an arbitrary number of modes ACAS control
design must be slightly modified. First, an eigenmode analysis of
the linearized, unperturbed system, i.e., without aecrodynamic loads,
is carried out. The structural matrices M and K, the input and output
matrices F and S, and the aerodynamic stiffness matrix K“ are then
transformed into modal space. The modal input and output matrices
as well as the modal aerodynamic stiffness matrix are partitioned
between the two merged modes and the remaining modes:

F:[{vl], S5=[8 5] (39)

ka — I‘Z?l K?Z (40)
L
The gain matrix for output feedback is chosen as

G =yF'K},S7" @1
which yields the compensated modal aerodynamic stiffness matrix

_ . _ pa ra . RS
keoFes=| U TVKL Ka=ROR 1

K, — F,GS,; K3, — F,GS;

Again, compensation is achieved for the merged modes. However,
dynamic spillover arises due to coupling terms in the remaining
modes. The tuning parameter y must be chosen such that both the
merged modes are stabilized and the remaining eigenvalues stay in

aluminum panel
hy=1.5 mm
U
‘:::> actuator 1 actuator 2 0
7,=0.3 mm h=0.1 mm 2 m
) e
04 m ' 04m
X3
X1

’

- Fig. 6 Adaptive panel (bottom view).
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40 L T PM=322 _

30 L 1 L I x

-20 -10 0 10 Re 20

Fig. 7 Root loci during ACAS design process.

the complex left half-plane. These constraints put lowér and upper
bounds on y.

ACAS Design Example

The nove! control concept is applied to a square, simply supported
aluminum panel with a pair of self-sensing PZT actuators attached
at the lower surface and exposed to supersonic flow at the upper
surface; see Fig. 6. The material properties of aluminum and PZT
are given in Table 1. Nondimensional computations are carried out
using the characteristic properties kg, (o, and Dy of the aluminum
layer. The panel is discretized with 8 x 8 finite elements leading to
322 mechanical DOFs. For horizontal flight at a height of 20 km the
flutter boundary of the model is MZ = 3.22. An ACAS controller
shall be designed to suppress flutter up to M,, = 6.0. The mass
savings compared with passive stabilization by increasing panel
thickness amount to 15.9%.

Figure 7 shows the root loci of the plate modes (1, 1), (2, 1),
and (3, 1) during the design process. The pair (m, n) denotes the

‘numbers of half-waves in the flow (x;) and the transverse (x,) plate

directions, respectively. First, the Mach number is increased from
2.0 to 6.0 for the uncontrolled system. Merging of modes (1, 1) and
(2, 1) leads to instability for (1, 1) at M., = 3.22. For constant
M, = 6.0 an ACAS controller is designed by increasing the tuning
parameter y from 0. At Yy, = 0.055 mode (1, 1) returns into the left
half-plane. Dynamic spillover results in merging of modes (2, 1) and
(3, 1) and instability at ¥n.x = 0.11. For the final design y = 0.06
has been chosen. '

The LUM/NTF algorithm has been extended to include the lin-
ear and nonlinear active stiffness matrices due to output feedback.
For the uncontrolled and controlled design model, the results of
LUM/NTEF analyses are given in Fig. 8. The maximum flutter am-.
plitudes shown here occuratx; = 0.75,and X, = 0.5. ACAS control
increases the linear flutter boundary to M., = 6.67. It is robust with
respect to structural nonlinearity and Mach number or A, variations,
However, physical performance limits exist: For the present model,
actuator saturation occurs at U; = 180 V at actuator 1. This value
is reached for flutter with an amplitude of @/ky = 1.33. It corre-
sponds with the depolarization limit of the piezoelectric material
at E3pmax = 600 V/mm.

Further robustness studies have been carried out considering static
pressure differentials between upper and lower surface of the panel,
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Fig.9 Influence of static pressure differentials.
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Fig. 10 Influence of static membrane loads.

static in-plane loads as they arise in case of temperature strains, and
geometric imperfections such as curvature, Dowell':** has investi-
gated uncontrolled panels subject to those conditions. Static pressure
differentials are found to increase the flutter boundary as do in-plane
tensile loads. Both curvature and in-plane pressure loads, however,
may significantly decrease the stability of panels in a flow.

An eigenmode analysis of the controlled panel subject to static
pressure differentials and M, variations shows that ACAS is robust
in this case; see the root loci in Fig. 9. Here, the normalized pressure
load is '

P = pa’
Dyhyo

For the panel with uniformly distributed in-plane pressure loads
ni = ny = n, the normalized force is defined as )

R = (na®/Dy) (44)

43)

The square plate without actuators buckles at R = —2x2. Up to
this value the flutter boundaries are given in Fig. 10. ACAS control
exhibits poor robustness in this case. At R/mw? = —1.36 merging of
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Fig. 11 Influence of geometric imperfections.
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modes (1, 1) and (2, 1) significantly decreases the flutter boundary
of the controlled system. Similar results are obtained in the case of
geometric imperfections (see Fig. 11), where the predeformations
have been chosen as

- =/, G2/
w=-H [1“ @27 ][1_ ®/2 ] @)

with H being the maximum predeformation in the middle of the
panel. ’

ACAS Design Window

Dependent on the panel length to width ratio a/b, dynamic
spillover can significantly limit the region [¥umin, Vmax]. The vanish-
ing Of [Ymin, Ymax] defines a maximum controllable A, for each con-
figuration. For rectangular panels with half/half actuators as given
in Fig. 12 the design window for ACAS control is shown in the
{a/b, A,} parameter plane. It is bounded by the ACAS design limit
A7% and the passive flutter boundary AS". The computations are
based on the nondimensional formulation with a fixed damping pa-
rameter d, = 0.01. An ACAS stabilization factor SF can be defined
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by dividing the maximum controllable A7** by the linear flutter
boundary A of the uncontrolled panel. It is given in Fig. 13 whence
follows that square panels are most attractive for ACAS control.
Values of SF — 1 for high-or low ratios of a/b signify that ACAS
fails to rise the flutter boundary. In such cases ACAS performance
might be enhanced by choosing the actuator/sensor placement to
minimize spillover.

Conclusions

A finite element formulation for numerical investigations on adap-
tive panels with self-sensing piezoelectric actuators in high super-
sonic flow has been presented. Flutter analysis with the LUM/NTF
approximation approach has been briefly outlined. When applied
to suppress nonlinear panel flutter, state feedback based on linear
observers exhibits very poor performance robustness. A novel con-
trol approach based on output feedback for active compensation
of aerodynamic stiffness (ACAS) terms is proposed as an alter-

native. It is shown to possess good robustness properties regard- -

ing nonlinearity, flight parameter variations, and static pressure
differentials. A further advantage is the simple feedback scheme
that can be implemented with an analog circuit. In the case of
static in-plane pressure loads or geometric imperfections, the per-
formance of an ACAS controller may significantly deteriorate. An
ACAS design window in dependence of panel geometry has been
presented.

For future high-speed aircraft, both single-mode panel flutter in
the low supersonic range and merged-mode flutter in the high su-
personic and hypersonic range may occur. A combination of direct
velocity feedback control and ACAS control could then present an
efficient approach to flutter suppression. Future research work must
include aerothermodynamics and the pyroelectric behavior of the
actuator material.
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