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Models for Aeroservoelastic Analysis with Smart Structures

Moti Karpel* and Boris Moulin"
Technion, Israel Institute of Technology, 32000 Haifa, Israel

Modal-based mathematical models for the analysis of control-augmented aeroelastic systems are expanded to
facilitate the use of distributed strain actuators. Smart actuators are constructed of structural elements, such
as piezoelectric patches, that change their shape due to electric inputs. When embedded in the structure, the
deforming smart elements introduce structural strains that change the shape of the structure and, consequently,
the aerodynamic load distribution. The voltage—strain relations, the overdetermined nature of the elastic actuator—
structure equilibrium, the relatively large number of involved interface coordinates, and the high importance
of local strains that typically limit the actuator performance require substantial modifications in the modeling
process compared to that with common control-surface actuators. Fictitious masses are used in a way that causes
the inclusion of important actuator strain information in the modal data with a minimal increase in the number
of structural states. A control mode is defined by the static deformations due to a unit static voltage command.
Huge dummy masses may be used to generate the control modes as part of a standard normal-modes analysis.
State-space aeroservoelastic equations are constructed by the use of the minimum-state rational aerodynamic
approximation approach. Two options are given for the introduction of control forces: a direct application of the
forces, and an indirect application through the control mode. A numerical application for an unmanned aerial
vehicle with a piezoelectric-driven control surface demonstrates the two options and shows that the control-mode

option has some numerical advantages.

Introduction

HE use of smart-structure technology to control the structural

dynamic stability and response of air vehicles attracted ex-
tensive research and development efforts in recent years.!~> Smart
structural components such as piezoelectric patches are embedded in
the structure and subjected to electric inputs that cause the structure
to change its shape. The shape changes introduce internal forces that
deform the surrounding structure and participate in its aeroelastic
behavior. The application of standard modeling methods for deriv-
ing modal-based state-space equations for aeroservoelastic (ASE)
analysis with smart structures is desired. A major problem is that
the standard modal approach might not consider the deformations
at and near the smart components adequately. These deformations
are vital for a proper evaluation of the smart-structure performance
and integrity.

The fictitious-mass (FM) method*> can be used to enforce se-
lected local deformations in the set of low-frequency modes taken
into account in the modal-based analysis. The normal modes are
calculated with selected degrees of freedom loaded by large FMs.
Their dynamic effects are later removed, leaving the modal basis
with a set of local deformation modes to be included in the sub-
sequent modal-based analyses. FM were used for modal coupling
in aircraft-store flutter analysis,* for eigenvalue analysis of control
augmented structures,’ time domain flutter analysis with large struc-
tural variations,®° and dynamic response to impulsive excitation.'®
FM concepts were also used in modal tests of structural compo-
nents loaded with added boundary masses.'"'> The added masses
caused the measured data to contain more near-boundary informa-
tion, which improved subsequent modal coupling and model update
processes.
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The effectiveness of the FM method is reduced with increasing
numbers of FMs in the model because it requires a larger num-
ber of modes to be taken into account. This might be a problem in
smart-structure applications because the adequate number of inter-
face coordinates between the smart patches and the structure can
be relatively large. On the other hand, the balance of internal forces
in smart patches facilitate the application of special FM matrices
that reduce the number of added modes. One of the purposes of this
research is to modify the FM method such that it can yield ade-
quate local stresses in subsequent analyses with a minimal number
of added modes. The new formulation reduces the effects of the
FMs on the regular elastic normal modes and eliminates the effects
on rigid-body mass properties.

In addition to causing inefficiency in subsequent analyses, an
expanded modal database might cause numerical difficulties in the
aerodynamic rational approximation process that is needed for ASE
analysis. These numerical difficulties are investigated in the paper
and a solution is obtained by the definition control modes with
the shape of the static structural deformations due to unit electric
input.

It should be emphasized that the applicability of piezoelectric
materials for shape control of aerospace structures is still quite lim-
ited due to their fragility, small deformations, and insufficient power
efficiency.!:> However, considerable research and development ef-
forts are being made to expand the material applicability."> A major
purpose of the research presented in this paper is to support these
efforts. Furthermore, as will be shown, the formulation of the actu-
ators is based on the their deformations due to unit commands, their
stiffness properties and the interface geometry with the controlled
structure. Hence, even though the actuators in this paper are assumed
to be constructed of piezoelectric materials, the formulation is di-
rectly applicable to any set of linear actuators with overdeterminate
interface of the structure.

Normal Modes with FM

A major disadvantage of the modal approach is its inaccuracy
in predicting a local response to concentrated loads. This difficulty
can be cured by adding large FMs at the points of force application
when the normal modes are calculated.” The eigenproblem of the
actual structure is replaced by

[Kau][¢ai] = [Maa + MF][¢01][91] (1)
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where [K,,] and [M,,] are the full discrete-coordinate stiffness and
mass matrices and [Mr] is a matrix of the added FMs at desired
locations. Standard eigenproblem codes can be used for solving
Eq. (1) for a relatively small set of low eigenvalues that form the
diagonal [€2;] and the associated eigenvector matrix (mode shapes)
[¢4i]. With relatively large FMs, [¢,;] contains significant local de-
formation at the vicinity of the FMs, which implies high-fidelity
representation of these locations in the modal basis. The eigenval-
ues and eigenvectors are, of course, substantially different than those
of the actual structure. However, by assuming that the actual normal
modes are linear combinations of [¢,;], we can resort to the actual
model by removing the effect of [Mf] from the generalized mass
matrix by

(M;i] = [Mii] — [¢ai]" [MF1lai] 2
where
(Ml = [$pui] (Maa + Mr1[¢pail

is the diagonal generalized mass matrix associated with the eigen-
problem of Eq. (1). The nondiagonal [M;;] of Eq. (2) and the diag-
onal generalized stiffness matrix [K;;] associated with Eq. (1) form
the eigenvalue problem

[Kiill¥] = [M; ][y 1182%] 3

that, being of low order, can be easily solved for all of its eigenvalues
[€2;,] and eigenvectors [y], with [ ] normalized such that

(M) = W] [Mally] = (1], (K] = [W1" [Kill¥] = [S24]
“)

The mode shapes after removing the FMs are recovered by
[¢ah] = [¢u1][w] (5)

The low eigenvalues in [€2;], and the associated modes in [¢;],
are typically almost identical to those of the nominal finite element
model. The highest-frequency modes reflect local deformations and
are not necessarily actual physical natural modes. They are sought
out, however, to account for local deformations in subsequent anal-
yses. The number of these local-deformation modes is up to the rank
of [Mr], depending on the number of modes taken into account and
the size of the FM terms.

The application of piezoelectric patches or stacks as control ac-
tuators requires good evaluation of the strains and stresses in the
piezoelectric material and the local structural area to which the ac-
tuators are connected. The use of FMs at the actuator—structure in-
terface coordinates may provide a convenient way for an adequate
evaluation of the local behavior. The main difficulty is that a large
number of interface coordinates might yield a relatively large num-
ber of modal coordinates in the resulting ASE model. Besides the
addition of a numerical burden, a large number of modal coordi-
nates might cause severe numerical difficulties in the aerodynamic
approximation part of the modeling process and in the control design
process.

A way to reduce the number of additional modes due to the ith
patch is by the use of an FM matrix [M, ], which is proportional
to the associated free—free patch stiffness matrices [K j, ]. The rank
of this singular matrix is only the number of overdetermined coor-
dinates. In addition, as demonstrated in the numerical example, the
effect of the FMs on the regular normal modes is typically small,
which helps in the selection of modal coordinates.

Piezoelectric Actuator Forces

The piezoelectric actuators in this work are elastic patches that
change their shape when subjected to electric voltage. When at-
tached to the structure, the shape-change attempt causes structural
deformations. A patch is characterized by the displacement vector
of its interface grid points {x,, } due to a unit voltage input when the
patchisrestrained in a statically determined manner, but not attached

to the structure. It is assumed at this stage that the dependency of
{x, } on the associated voltage input v,, is linear and independent of
the excitation frequency. Other displacement-voltage dependencies
can be modeled as part of the control system.

When attached to the structure, the discrete elastic forces applied
by a piezoelectric patch to the structure are

{Fo 0} =K, ] ({xe o, 0 = {u,, 0}) (6)

where [K ), ] is the free—free stiffness matrix of the i th patch and {u , }
is the actual displacement vector at the patch—structure interface grid
points.

With the stiffness matrices of the piezoelectric patches added to
the stiffness matrix of the structure, the static equilibrium equation
of the structure under loads generated by piezoelectric voltage is

[Kaaltta} = [K2, [ Xap){v, ()} (7

where [K!,] is a zero matrix except for the contributions of the
stiffness matrices [K ,, ] of the patches, [X,,] is a zero matrix except
for the patch unit-command displacements {x,, } at the patch-related
degrees of freedom in the respective columns, and {v,,} is the vector
of piezoelectric voltage inputs. The forces in the right-hand side
of Eq. (7) are those obtained when the patched are connected to a
rigid structure. Piezoelectric devices are often characterized by the
maximal values of these forces.
The modal approach assumes that

{ua} = [@an){5} ®)

where {£} is the vector of generalized displacements. The resulting
generalized-coordinate version of Eq. (7) is

(K (&)} = [¢an]" [KL, | [Xapl{v,p (D)} ©

The zero eigenvalues and the associated rigid-body modes [¢,, ] are
truncated to avoid singularity. This truncation is valid because the
piezoelectric generalized forces on the rigid-body modes are zero,
as can be deduced from the fact that the free—free piezoelectric patch
stiffness matrices must satisfy [@,;, 17 [K2,]=[0].

The solution of Eq. (9) with {v,}={/;}, namely, a zero vec-
tor except for v,, =1, and the substitution of the resulting {£} in
Eq. (8), yield the vector of structural displacements due to the ith
unit piezoelectric command in the absence of aerodynamic forces.
The assembly of the displacement vectors due to separate unit volt-
age commands,

[Pap] = [Panl K] [pun]" [K L, | [Xap] (10)

is referred to here the matrix of piezoelectric control modes. It can be
obtained with adequate accuracy only if FMs are used, as discussed
earlier, such that local deformations at the patch vicinity appear in
the group of high-frequency normal modes taken into account. An
alternative way for generating control modes is discussed hereafter.

The inclusion of piezoelectric actuators in the ASE equations
of motion is presented hereafter in two ways, one in which the
piezoelectric forces are applied directly, similarly to Eq. (9), and
one through the definition of piezoelectric control modes.

Aeroelastic Equations with Direct Piezoelectric
Control Forces

The open-loop aeroelastic equations of motion with conventional
actuator-driven control surfaces are based on the rational approxi-
mation of the unsteady aerodynamic force coefficient matrices, in
the Laplace domain, of the form!%!!

[04()] = [Anol + (B/ V[ Auls + B /VH[Apls?

+[D,1M s = (V/D)IRN'[Els an
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where the [Aj;] and [E£] matrices are column partitioned according
to the structural and control modes as

[Alm] = [Ahhn Ah(',,]v

[E]=I[Ex E.]

n=0,1,2

The coefficient matrices in Eq. (11) are determined in a nonlinear
least-square solution that approximates a set of force coefficients
matrices [Q},(ik)] determined for harmonic oscillations at several
tabulated reduced-frequency values k = wb/V, where w is the fre-
quency of oscillations, b is a reference semichord, and V is the air
velocity.

The resulting state-space equation of motion of the open-loop
aeroelastic system excited by control-surface deflection commands
{5.(¢)} and piezoelectric voltage inputs {v(¢)} as in Eq. (9) is

{ae} = [Aaed{¥ae} + [Baeutact + [BL[{ul ) (12)

where
§ 5.
{-Xae} = %- ) {uae} = SL‘ s {uf;g} = {Up}
Xq 5.

where {£} is the vector of n;, modal displacements taken into account,
{x,} is the vector of n, aerodynamic states where n, is the size of
[R] in Eq. (10), and

0 [1] 0
(4] = |~ K] 117" (B] —q1M1 (D)
%
0 [Ex] 3[R]
0 0 0
(Bl = | =M1 '[Kpe] —[M] ' [Bue] —IM] ' [M)e]
0 [E.] 0
0
[BL] = | 117" ()" [K2]1Xa]
0

and where

[M] = M+ @b /V)[ Ay |, K] = [Kmn +q A

[Bl=[Bui+ (qb/V)Au, |, [My] = [Mpc + (qb?/V?) Ape, |

[Kil=q[An, ] [Bicl = (gb/V)[Asc, ]

Because the deformations due to piezoelectric commands and the as-
sociated aerodynamic forces are expressed mainly through the high-
frequency modes generated by the FMs, as argued after Eq. (10),
these modes must be included in the aerodynamic approximations
and the state-space equations. This might yield numerical difficul-
ties in the aerodynamic approximation process and in the result-
ing stability characteristics. The modeling option shown hereafter,
which uses explicit piezoelectric control modes, may alleviate this
problem.
The output parameters are expressed in the form

{Vae} = [CacllXac} + [Daclluae} + [P {ul, ) (13)

Structural displacements, velocities, and accelerations can be cast in
the form of Eq. (13) by the mode-displacement approach.'® Stresses
and strains, which are often critical parameters in the performance
evaluation of piezoelectric actuators, can also be adequately ex-
pressed in terms of modal displacements when FMs are used. Struc-
tural element strains, for example, are related to the generalized
displacements {£} (which are part of {x,.}) by

(e} = [EUsall@an){E} (14)

where [ E U] is the matrix that relates strains to displacements. How-
ever, strains in the piezoelectric material require an additional term
due to the voltage input

{617} = [EUpa]([d)ah]{g} - [Xap]){vp} (15)

The two types of input parameters in Eqs. (12) and (13) are
separated because they are treated differently in the subsequent
ASE equations. Whereas the piezoelectric {u?,} voltage commands
are kept as direct input parameters, the control-surface input vec-
tor, {u,.}=1[6 & 8]7, becomes part of the state vector as a result
of adding a third-order actuator model'! for each control surface.
The resulting input parameters are the actuator input commands §,.
Higher-order actuators can be modeled as part of the control system.

The actuator inputs {4.} and piezoelectric commands {v,} can be
combined for a single plant input vector in a standard state-space
formulation. A control system can then be augmented and applied
in ASE analyses as described in Ref. 13.

Generation of Control Modes

A convenient way for defining common control-surface modes
and the associated generalized matrices in standard finite element
codes such as MSC/NASTRAN' is described in Ref. 15. The
method is based on the introduction of huge FMs. The finite el-
ement model is modified such that, first, each control surface is
disconnected from its actuator. The differential motion between the
two sides of each disconnection point defines a new degree of free-
dom §; that represents the rigid-body rotation of the control surface
relative to the wing. Each §; is loaded with an FM matrix [My, ] of
a very large magnitude (orders of magnitude larger than the entire
aircraft). The resulting modes include the control modes [¢,.] as
rigid-body modes (in addition to those of the aircraft), whereas the
other modes and their associated natural frequencies and general-
ized masses are practically equal to those of the original structure.

The technique for generating control modes is expanded here to
be applicable to any deformation command to structural elements,
including piezoelectric patches. These are actually static deforma-
tion shapes caused by a static unit command, 1 V in our case.

The new procedure for the definition of control modes [¢,,, ] starts
in the finite element modeling. The actuator—structure interface grid
points are duplicated with one set remaining connected to the struc-
ture and the other set connected to the actuators (piezoelectric ele-
ments in our case) only. A scalar point whose displacements repre-
sent the piezoelectric command v, is defined for each actuator. The
actuator-side displacements are then connected to the structure-side
ones by the multipoint constraint (MPC) equation

{uh } = {un} = {xa fon (16)

This is, of course, in contradiction with the fact that the structure-
side and the actuator-side displacements are equal. However, the
actuator displacements {u},} yield adequate actuator stresses and
strains that include the piezoelectric effects.

The control modes can now be calculated in static solutions where
unit displacements are enforced at the scalar points representing the
control commands. It is more convenient, however, to extract these
modes by loading the scalar points by very large masses [My] as
discussed earlier. The calculated normal modes include n,, control
modes of practically zero frequency, whereas the other modes are
practically identical to those of the original structure. The FMs [Mr]
discussed earlier can still be part of the modeling process and treated
as in Egs. (1-5). With the control modes renormalized for a unit
displacement of the relevant scalar point, orthogonality implies that
the structural modes are related to the control modes by

T
M, 0
¢ah aa d)ap — [0] (17)
i 0 Muf| 1
where [¢,] contains the participation of the scalar points in the
structural modes. The displacements in [¢y] are negligible com-

pared to the other structural displacements in these modes. How-
ever, when multiplied by [My], they are significant. They can be
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used for a convenient calculation of the mass coupling matrix [M),, ]
between the structural and the control modes, as can be extracted
from Eq. (17),

[Mhp] = [¢ah]T[M(1a][¢ap] = _[¢Hh]T[MH] (18)

where the right-hand expression is extracted directly from the modal
data.

Aeroservoelastic Equations with Piezoelectric Modes

The ASE state-space equations can be constructed with the piezo-
electric control modes treated in the same manner as the regular
control modes in Eq. (12). The generation of the control modes as
part of the normal modes in finite element codes that have an aeroe-
lastic module, that is, MSC/NASTRAN, facilitates the computation
of the associated control columns in the tabulated unsteady aerody-
namic force coefficient matrices [Q),.(ik)] in a standard run. The
rational approximation process to obtain the coefficients of Eq. (11)
is performed for these columns in the standard way.'® The resulting
state model is of the form of Egs. (12) and (13), but with

v,
{uc’;e}z 1.)17
i}p
0 0 0
[BL] = | —M1'[K)) —[M]1 '(Byy] —[M1'[M,]
0 (E,] 0

where

[Kipl = q[ Anp |- [Bip] = (qb/V)[Anp, |

[Mhp] = [Mhp + (qbz/vz)Ahpz]

where the aerodynamic terms associated with the piezoelectric con-
trol commands are denoted with subscript p to separate them from
the control-surface related terms. The main difference between
Eq. (12) with direct piezoelectric forces and that with the control-
mode excitation is that the aeroelastic effects due to the piezoelectric
command are expressed in the first case as part of the state response,
whereas, in the second case, they are part of the control input. As
a result, all of the structural parameters in the output equations are
now an explicit function of {v,}. The element strains, for example,
are now expressed in the same manner for the piezoelectric patches
and for the rest of the structure by

v, v,

{6} = [EUa][¢a17 ¢uh] &_ = [(bep ¢eh] %_ (19)
where [¢.,] and [¢c,] are the modal strain matrices that can be
extracted in the normal modes analysis where the control mode and
the structural modes are generated simultaneously.

The rest of the ASE modeling process with piezoelectric control
modes is similar to that with conventional control surfaces. As in
the regular actuator case, piezoelectric commands should also be
modeled as driving the patch through a third-order filter (actuator).
This is done to allow a proper representation of the mass coupling
effects due to [M,,,] without having a direct link between the com-
mand and the state response. The filters add three states for each
piezoelectric patch. This is, of course, a disadvantage compared to
the direct actuation modeling described earlier. The roots of this fil-
ter should be far enough from those of the aeroelastic plant to avoid
nonrealistic interference with the structural response, but not too far
to avoid numerical difficulties in the subsequent simulations.

The main advantages of the control-mode approach are that 1)
the local vibration modes generated by the FMs in Eq. (1) are not
as essential as in the direct force excitation; 2) the explicit appear-
ance of the control columns in the aerodynamic approximation of

Eq. (11) may improve their accuracy; and 3) the modal data needed
to construct the state-space equations can be extracted from a sin-
gle standard normal-modes analysis of the structural model, which
facilitates a convenient application in common ASE analysis codes
such as ZAERO.!” Some numerical differences between the two
modeling approaches are explored in the numerical example.

Numerical Example

The procedures for aeroservoelastic modeling with piezoelectric
actuation are demonstrated by the use of the aeroelastic model of
an uncrewed aerial vehicle (UAV). The MSC/NASTRAN aircraft
structural model of the UAV right-hand side is shown in Fig. 1. The
weight of the model is 152 kg. The span of the wing is 4.0 m and the
uniform chord length is 0.55 m. The model contains 459 grid points
and 580 structural elements. The model is clamped at a fuselage
point near the quarter-point of the wing-root chord.

The structural model was modified to include a wing-tip trailing-
edge control surface with piezoelectric lead zirconate titanate (PZT)
layers patched on the upper and lower skins of the forward one-
half of the control surface, as marked in Fig. 1. The patches were
modeled as plies of orthotropic material with negligible stiffness
in the spanwise direction. The control surface was deflected by a
voltage command that expands the upper patch and contracts the
lower one in the X directions of the local coordinate systems where
the X axes are in the patch planes, pointing to the trailing edge.

The PZT patch properties used for the numerical example are
similar to those available with current technology.>* The Young’s
modulus in the X directionis E; = 6.0E '° N/m?2, the patch thickness
is t; =0.267 mm, its chordwise length is /. =52.6 mm, the free
chordwise strain per unit voltage input is €, = 1.74 ustrain/V, and
the maximal voltage input is 1000 V.

It can be observed in Fig. 1 that each patch is connected to six
grid points. Because the significant PZT stiffness is only in the
X direction, the FM matrix [M ] introduced in Eq. (1) to generate
modes with local deformations is built of six block diagonal matrices

[Mr] = [ § _mm} (20)

—m

where m =250kg. Each [MF, ] is associated with the X directions of
one pair of patch-structure interface grid points that have the same
Y coordinates. Each [MF, ] is of rank 1, which implies that it adds
only one mode of differential motion in X of the two grid points.
Normal modes analysis was performed with symmetric boundary
conditions to extract the 26 lowest-frequency modes up to 100 Hz.
The frequencies and mode shapes were then corrected by the pro-
cess of cleaning the FMs of Eqgs. (3—5). The natural frequencies
with FMs, and those after the cleaning process, are compared in

Fig. 1 UAV structural model.
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Table 1 Natural frequencies

Frequency, Hz

Mode Original FM Cleaned

1 3.6389 3.6389 3.6389
2 6.1324 6.1324 6.1324
3 9.8080 9.8080 9.8080
4 15.4389 15.4389 15.4389
5 16.9169 16.9169 16.9169
6 20.2534 20.2534 20.2534
7 23.0717 23.0716 23.0717
8 36.2334 34.6516% 36.2334
9 42.8918 36.2329 42.8918
10 49.5879 36.5234% 49.5879
11 50.8109 40.9338¢ 50.8109
12 57.2197 42.8918 57.2197
13 57.8319 43.3431% 57.8319
14 59.6411 49.5879 59.6411
15 62.3857 50.8109 62.3858
16 64.1369 57.2187 64.1369
17 83.5643 57.8108 83.5643
18 85.5119 59.6410 85.5119
19 89.0115 61.8811% 89.0116
20 99.5916 62.3857 99.5916
21 —_— 64.1432 565.9400
22 e 66.2260% 618.3977
23 —_— 83.5850 756.4054
24 —_— 85.5119 4527.1042
25 —_— 89.0242 5619.3210
26 e 99.5937 5879.6048

2Local deformation frequency.

Fig. 2 Normal modes of local PZT-surface deformations.

Table 1 to the original frequencies, calculated from the finite ele-
ment model without FMs. It can be observed that the FMs added six
local-deformation frequencies. Because negligible chordwise defor-
mations near the PZT patches in the original modes, the FMs have
a very small effect on the original frequencies. The cleaning pro-
cess recovers the original frequencies and mode shapes exactly (not
shown), and creates six new high-frequency modes that are shown
in Fig. 2. It can be observed that the first three modes are of mainly
out-of-plane motion, whereas the other three are of in-plane motion.

The control mode of static deformations due to a unit voltage
command was generated in two ways, by a static solution with the
finite element model, and through normal modes analysis with the

dummy mass M. The static solution is obtained by the solution of
Eq. (7) with the right-hand forces being

{(Fay =K, ]{x } 1)

where {x,, } is a zero vector except for the terms associated with the
in-plane X-direction coordinates of the upper patch trailing-edge
points, which are €, x [. =9.15E~% m each, and those of the lower
patch, which are —9.15E~% m each.

The modal solution is performed by duplication of the patch—
structure interface points, addition of a scalar point and imposition
of the MPC constraints of Eq. (16) with {x., } of Eq. (21), and loading
of the scalar point by the dummy mass My = 10° kg. The resulting
frequencies and modes are practically identical to those of the mid-
dle column of Table 1, except that the modes include now the control
mode with practically zero frequency. This mode is not affected by
the FM cleaning process described earlier. However, the participa-
tion of the scalar point in the other modes, which forms {¢y,} of
Eq. (18), has to be transformed by Eq. (5) before it is used. Because
the calculated control mode is normalized to unit generalized mass,
it should be multiplied by 10° to obtain the actual control mode. The
resulting mode is identical to the one calculated by the direct static
solution of Eq. (21).

The static control mode is shown in Fig. 3 with its deflections mul-
tiplied by 10°. With a maximal electric input of 1000 V, the shown
shape is 100 times that of the maximal control-surface displacement
amplitude with no aerodynamic loads. It reflects a control-surface
deflection angle of about 0.6 deg, which means quite small control
authority. It may be significant, however, if used with mechanical
or aerodynamic amplification measures or with the prospective im-
provement of smart materials.”

The aerodynamic boxes of the doublet-lattice unsteady aerody-
namic model are shown in Fig. 4 with the locations of four ac-
celerometers for subsequent ASE analysis. The model consists of
seven aerodynamic panels representing four parts of the wing , the
aileron, the new control surface (shaded in Fig. 4), and the tail.
There were 17 aerodynamic force coefficient matrices [Q)(ik)]
at reduced frequency values between k =0 and 3.6 calculated by
MSC/NASTRAN for the 27 FM modes, including the control mode,

X [m]

Fig. 4 UAV aerodynamic model.
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Table 2 Patch and skin elements strain in microstrains for the input voltage of 1000.0 V

Static Steady aerodynamics
Element MSC/NASTRAN Direct-force Control-mode Direct-force Control-mode
Patch-1 —250.4 —-251.0 —250.7 —-251.6 —251.3
Patch-2 —244.1 —244.7 —244.4 —245.2 —244.9
Patch-3 220.6 221.5 220.5 222.1 221.2
Patch-4 211.0 211.9 211.0 212.5 211.6
Skin-1 530.3 528.1 530.9 528.3 530.8
Skin-2 489.1 488.7 489.7 488.7 489.7
Skin-3 —636.4 —629.6 —636.3 —629.7 —636.2
Skin-4 —596.4 —590.2 —596.3 —590.3 —596.3

X [m]

Fig. 5 Static response with aerodynamic forces.

and then transformed to the cleaned modes by
[04(k)] = [¥]"[Q4 (k)] (22)

The aerodynamic matrices served as tabulated data for the ratio-
nal aerodynamic approximation of Eq. (11), with the control terms
based on the control-mode aerodynamics. The approximation was
performed by the ZAERO code!” with six aerodynamic lag terms,
physical weighting of the tabulated data, and with the steady aero-
dynamics constrained to match the data at k = 0. The approximation
coefficients were then used by ZAERO to construct the state-space
equations with direct piezoelectric control forces, Eq. (12), and those
with the control input replaced by the control-mode formulation.
The two models have 52 structural states and 6 aerodynamic states.
The output equations were set up to provide the displacement and
acceleration at accelerometer 1, the chordwise strains in the four
PZT elements, and those in one of the composite layers of the skin
elements to which the PZT elements are patched. The state-space
matrices were exported to MATLAB® for the remaining analyses
in this work.

The demonstration of the two modeling approaches started with
the calculation of the steady-state response to a static piezoelectric
command of 1000 V at airspeed V =50 m/s. The deformed wing
shape with the deformations multiplied by 100 is shown in Fig. 5.
The two approaches gave practically identical results. However, the
modal responses in the two cases are significantly different. Whereas
the control-induced deformations and the associated aerodynamics
result in the direct-force case mainly from the response of the high-
frequency local-deformation modes, they are related in the second
case, where the response of the high-frequency modes is negligible,
mainly due to the control mode.

The static chordwise strains in the four PZT patches marked in
Fig. 1, and the strains in the skin elements to which the patches are
connected are compared in Table 2 to those obtained with no aerody-
namics. The modal direct-force strains were calculated with the out-
put Egs. (14) and (15), whereas the modal control-mode strains were
calculated by Eq. (19). The strains in the no-aerodynamics case, as
calculated by a full MSC/NASTRAN solution, are also shown in
Table 2. Note that the PZT patches and the skin elements have strains
of opposite signs, as expected, and that the aerodynamic forces have

Displacement [mm]

0 0.2 0.4 0.6 0.8
Time [s]

Fig. 6 Displacement response at accelerator 1 to maximal PZT step

excitation, direct-force approach.

very small effects on the actuator strains in this case. The control-
mode results are somewhat closer to those of MSC/NASTRAN. This
is because the direct-force response is more sensitive to numerical
errors in accumulating the various modal contributions, as is also
shown later.

The aeroelastic models were use in step-response and frequency-
response analyses at V =50 m/s with MATLAB. The step response
at accelerometer 1 to an input command of 1000 V is shown in
Fig. 6 for seven mode truncation cases. The first case is with all of
the 26 elastic modes taken into account. The other six cases are with
one-six high-frequency modes truncated, starting with the highest
one. The first four cases are practically identical because of the in-
plane deformation nature of the highest modes. The truncation of
four modes and more cause unacceptable errors. It is obvious that
the FMs used in the modal data generation were essential. The same
seven cases are repeated with the control-mode approach in Fig. 7.
All of the cases now give identical results, which implies that the
use of FMs had no effect in this case. The slight differences between
the direct-force and the control-mode responses with no truncation
are related to the higher error level in the direct-force case. The
same modal truncation cases are repeated in Figs. 8 and 9, for the
acceleration frequency response (in meters per square second) to
sinusoidal excitation with an amplitude of 1000 V. The differences
are similar in nature to those of Figs. 6 and 7. Note that the truncation
errors at the peaks in the high-frequency range of Fig. 8 are smaller
than at the low frequencies.

Step response cases are shown in Fig. 10 for the chordwise strain
in the PZT patch element 1 (Fig. 1). The strain at # =0 is that of the
constrained patch before the motion starts. It converges rapidly to the
actual steady strain of Table 2 when the skin deforms. Large errors
are observed when modes are truncated, even with the truncation of
the three highest-frequency modes only. Similar behavior is shown
in Fig. 11 for the skin element to which the patch element is attached.

The strain step responses are repeated in Figs. 12 and 13 with the
control-mode approach. Even though they converge to almost the
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Fig. 7 Displacement response at accelerator 1 to maximal PZT step tation, direct-force approach.
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Fig. 13 Strain response at skin element 1 to maximal PZT step exci-

tation, control-mode approach.

same strain values as in the direct-force case, the time histories are
substantially different than those of Figs. 10 and 11. The reason is
that the actuation dynamics are different in the two cases. Whereas
the forces in the direct-force case introduce significant structural
loads from r =0, they pass in the control-mode case through a
third-order filter that was added to the model as discussed after
Eq. (19). The added filter may have an important role in alleviating
the high patch strains observed in Fig. 10. Another important aspect
of Figs. 10 and 13 is that the truncation of four—six modes introduces
about a 10% error in the peak patch response and about a 2% error
in the peak skin response.

Conclusions

Common modal-based state-space equations of motion for
aeroservoelastic analysis and design where expanded in this work to
accommodate piezoelectric strain actuators. The use of local FM ma-
trices, which are similar to the actuator stiffness matrices, facilitates
the essential inclusion of local deformations of the actuators and the
surrounding structure in the modal coordinates with a minimal in-
crease of the model order. The state-space equations are developed
with the input parameters defined by either the direct-force or the
control-mode approach. The direct-force approach does not require
the generation of an aerodynamic control mode and the associated
approximation coefficients, but its accuracy is shown to be heavily
dependent on the presence of local deformations in the modal data,
which might cause some numerical difficulties. The control mode
can be generated together with the regular vibration modes. The
strains in the piezoelectric elements appear in these modes with the

piezoelectric control effects included. The local modes due to the
use of FMs are not essential when the control-mode approach is
used, but may still improve the accuracy of the local strains. The
two modeling alternatives are formulated in a way that complies
with common finite element and aeroelasticity codes.
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