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Mathematical models of aeroservoelastic systems are expanded to facilitate the use of distributed strain actuators
in automated design processes. Strain actuators, such as piezoelectric patches, can change the shape of lifting surfaces
by introducing structural strains due to electric voltage commands. 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 with that with common control-surface actuators. A control mode
is defined by the static deformations due to a unit static voltage command. Huge dummy masses are used to generate
the control modes and their mass coupling with the elastic modes as part of a standard normal-modes analysis. State-
space aeroservoelastic equations are constructed using the minimum-state rational aerodynamic approximation
approach. Analytical expressions are given for the sensitivity of the system coefficient matrices and the associated
aeroservoelastic stability and response parameters with respect to the actuator properties. A numerical applica-
tion of an unmanned aerial vehicle with a piezoelectric-driven control surface is given. The example demonstrates
the modeling process, some aeroelastic response parameters to control commands, and the associated sensitivity

analysis.

L.

HE use of strain actuators to control the structural dynamic

stability and response of air vehicles is a branch of the emerging
smart-structure technology that attracted extensive research and
development efforts in recent years [1-3]. Strain actuators, such as
those based on 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 affect its aeroelastic behavior. A control
system that assigns electric commands according to sensor readings
via a control law closes the aeroservoelastic (ASE) loop.

Common ASE modeling techniques, such as that of [4] that
formed the basis for the ASE module in the ZAERO software
package [5], assume that the surface shape is controlled by use of
standard control surfaces that are connected in rotation to the
structure by a statically determined manner. A control mode in this
case, which is defined as the air-off shape change due to a static unit
control command, is a kinematic mode defined by the structure
geometry and the rotation axis. Control modes associated with strain
actuators are more difficult to define due to the voltage—strain
relations, the overdetermined nature of the elastic actuator-structure
equilibrium and the relatively large number of involved interface
coordinates. Another major problem is that the standard modal
approach might not consider the deformations at and near the smart
components adequately. These deformations might be vital for a
proper evaluation of the performance of the strain actuators and their
structural integrity.

The ASE modeling technique of [4] was expanded in [6] facilitate
strain actuators. Two approaches were presented: one that uses
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control modes and one that bypasses the need for control modes by
using direct excitation forces extracted from the strain—voltage
relations and the structural dynamic response. Both approaches were
based on the use of fictitious masses when the structural modes are
generated. The fictitious-mass (FM) method [7,8] is used to enforce
selected 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 fictitious
masses. Their dynamic effects are later removed, leaving the modal
basis with a set of local deformation modes to be included in the
subsequent modal-based analyses.

The effectivity of the FM method is reduced with increasing
number of fictitious masses in the model, because it requires a greater
number of modes to be taken into account, which increases the size of
the resulting model. Reference [6] showed that this might be a prob-
lem in smart-structure applications when the direct-force approach is
used because the adequate number of interface coordinates between
the piezoelectric patches and the structure can be relatively large. It
also showed that the balance of internal forces in the patches
facilitates the application of special FM matrices that reduce the
number of added modes. It was suggested to attach to each patch a
fictitious-mass matrices which is proportional to the stiffness matrix
of the patch. The resulting models exhibited high-accuracy local
stresses in subsequent analyses with a minimal number of added
modes. However, it was also showed that the expanded modal data
base might cause numerical difficulties in the aerodynamic rational
approximation process that is needed for aeroservoelastic analysis.
The control-mode approach in [6] was based on using only one huge
fictitious mass for each piezoelectric patch, mounted on a scalar point
that represents the voltage input.

The purpose of this paper is to generalize and expand the control-
mode approach; to present a convenient way for generating them; to
develop the necessary formulation for subsequent aeroservoelastic
analysis, sensitivity studies, and design optimization; and to demon-
strate the application of the new developments.

II. Strain Actuator Forces

Strain actuators are structural components that cause strains
and deformations in the surrounding structure as a result of chang-
ing their shape when subjected to some input commands. This
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work relates to elastic piezoelectric patches that change their
shape when subjected to electric voltage commands. The modeling
methodology, however, is applicable to all kinds of actuators, from
the statically determined ones to complex piezoelectric patches
embedded in the structure. A patch is characterized by the dis-
placement vector of its interface grid points {x,, } due to a unit voltage
input, when the patch is not attached to the structure but still may be
restrained in a statically determined manner. 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 later as part of
the control system or by introducing nonlinear structured elements,
which are beyond the scope of this paper.

When attached to the structure, the patch deformations are, of
course, functions of the external loads and the elastic properties of the
structure. The discrete elastic forces applied in this case by a
piezoelectric patch to the structure are

{Fp, (0} = K, 1({x,, 30i(0) — {u,,(0)}) ()

where [K pp;) 18 the free-free stiffness matrix of the ith 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 static voltage commands is

(Kual{ua} = {F.} @

where
Ky K,
[Kaa] = T P
Kl K,,+ K},

" Fa=| Ol
{u = w | {F.} = X%, (X, l{v}

where subscript a relates to all the free degrees of freedom of the
structure, subscript p relates to the degrees of freedom at which the
actuators are connected, and subscript / to the other degrees of
freedom of the displacement vector {u, }, [K},] is the assembly of the
stiffness matrices [K ,, ] of the patches, [X,,] is the assembly of all the
patch unit-command displacements {x,, }, and {v} is the vector of
piezoelectric voltage inputs. The forces in the right-hand side of
Eq. (2) 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 assembly of the displacement vectors [¢,,] that satisfy Eq. (2)
with separate unit voltage commands, namely

Kalibad= [ . [0 ®

is called here the matrix of piezoelectric control modes. It can be
solved within a static finite-element solution with the right side
defined as a set of loading vector. The singularity of [K,,] in the case
of a free-free structure can be resolved by the application of statically
determined constraints. Since the right-hand force vectors are self-
balanced, namely sum to zero total forces and moments in all
directions, the constraints do not impose local constraint forces. The
resulting static solution should then be modified by adding rigid-
body displacements such that the deformations will preserve the
location and orientation of the center of mass, which implies
orthogonality with the free-free rigid-body modes [¢,,]

(b0 " M olld0] = {0} 4)

A convenient way for obtaining the control modes as part of a
standard normal-modes analysis is discussed below. This option
simplifies the subsequent aeroservoelastic formulation, as discussed
in the following sections.

III. Generation of Control Modes

The method of obtaining piezoelectric control modes and the
associated generalized matrices in standard finite-element codes
such as MSC/NASTRAN is an extension and generalization of the
method for obtaining common control-surface modes described in
[4]. Common control surfaces are connected to the aircraft structure
through statically determined rotation connections. The control-
mode generation method in this case is based on the introduction of
huge fictitious masses. The finite-element 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 freedom &; that represents the rigid-
body rotation of the control surface relative to the wing. The §;
coordinates (one per control surface) are loaded with fictitious
masses of very large magnitudes, typically orders of magnitude
larger than the entire aircraft. A standard normal-modes analysis is
then performed for obtaining the natural frequencies and the
associated normal modes in the frequency range of interest required
for flutter analysis. The resulting normal modes include the control
modes as structural modes with almost-zero natural frequencies,
whereas the other modes and their associated natural frequencies and
generalized masses are practically equal to those of the original
structure, including rigid-body modes.

The technique for generating control modes is expanded here to be
applicable to strain actuators with overdetermined connections to the
structure. The expanded procedure starts in the finite-element
modeling. The actuator-structure interface grid points are duplicated
with one set remaining connected to the structure, and the other set
connected to the actuators (piezoelectric elements in our case) only.
A scalar point whose displacement v; represents the voltage input is
added to the model for each piezoelectric patch. At this point the
structure is disconnected from the actuators such that the static
equilibrium with no external forces is

K” K[p 0 0 u;

K,Tp K,, 0 0 u, | _

0 0 Kb, O i, =10} )
0 0 0 0 v

where {it,,} is the vector of actuator-side displacements of the
actuator-structure connections. To connect the actuator, the actuator-
side displacements are connected to the structure-side ones by the
multipoint constraint (MPC) equations

{ﬁp} = {up} - [va]{v} (6)

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

The elimination of {u,, } from Eq. (5), using the MPC constraints of
Eq. (6), and the addition of a generalized piezoelectric force vector
{F,} (one force per piezoelectric patch) that drives {v} yield

Kll Klp 0 uj 0
Kl K,, +Kby —KbX,, |{u,p=10 )
0 _X;L'Kgp XivKgl’va v F,

It can be observed that the top two partitions of Eq. (7) combine for
Eq. (2). The control mode can now be calculated by n, static
solutions of Eq. (7) with one term in {F, } is F,, = 1 and the others are
0, modified by the addition of rigid-body modes such that Eq. (4) is
satisfied, and followed by the normalization of the resulting
displacement vectors such that v; = 1. It is more convenient,
however, to extract these modes by loading the scalar points by very
large masses [My] and calculating the normal modes using standard
routines, as suggested in [6]. The resulting normal modes include 7,
control modes of practically zero frequency, whereas the other
modes are practically identical to those of the original structure.
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It is shown below that the resulting control modes satisfy the
orthogonality requirement of Eq. (4). To normalize and separate the
control modes such that they become consistent with Eq. (3), their
modal displacements can be partitioned into structural displacements
[#,,] and scalar-point displacements [¢p,], which is an n, X n,
matrix. The n, desired control modes [¢$,,] of Eq. (3) are calculated by

[¢av] = [écw][&’Hv]71 (8)

In this way the scalar-point partition of the control modes becomes
[®go] = [I]. Orthogonality implies that the other normal modes [¢,;]
are related to the control modes by

¢ah T Maa 0 ¢av —

RN KA el
where [¢y,] contains the participation of the scalar points in the
structural modes. Because of the huge masses in [My], the
displacements in [¢p,] are negligible compared with the other
structural displacements in these modes. However, when multiplied
by [M ] they are significant and useful for a convenient calculation of
the mass coupling matrix [M,,] between the structural and the control
modes, as can be extracted from Eq. (9),

[th] = [d)ah]T[Maa][(bav] = _[d)Hh]T[MH] (10)

where the right-hand expression can be easily extracted directly from
the modal data. The rigid-body modes [¢,,] are a subset of [¢,,]-
Since [¢,,] contain no elastic strains, the associated scalar-point
modal displacements are [¢y,] = [0], which proves that the control
modes satisfy the constraint conditions of Eq. (4).

IV. Aeroservoelastic Equations of Motion

Once piezoelectric control modes are defined, the aeroservoelastic
equations of motion can be constructed in the same manner as they
are constructed with conventional actuator-driven control surfaces.
The aeroservoelastic equations of motion can be expressed in either
the time domain [4] or the frequency domain [9]. The main advantage
of the frequency-domain approach is that the aerodynamic force
coefficient (AFC) matrices can keep their traditional transcendental
frequency-dependent form. In contrast, the time-domain equations
require the AFC matrices to be approximated as rational functions in
the Laplace domain. Whereas there might be some loss of accuracy
associated with the rational approximations, the time-domain
equations are more suitable for application of modern control and
simulation methods and gradient-based optimization techniques
[10].

The rational approximation of the unsteady AFC matrices, in the
Laplace domain, is of the form

- 2 -1
(G160 = Ul + P lnls + 72lols + 03] (1~ [®)) 181
(1)

where the [A;;] and [E] matrices are column partitioned according to
the structural and control modes as

[Ahn] = [Ahh,,Ahvn] (l’l = O? 15 2)» [E] = [EhEU]
Several approximation techniques are available for obtaining the
coefficient matrices in Eq. (11). The techniques apply least square
solutions that approximate a set of force coefficients matrices
[0,,(ik)] determined for harmonic oscillations at several tabulated
reduced-frequency values k = wb/V, where w is the frequency 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 piezoelectric voltage inputs {v(r)} is

{).Cae} = [Aae]{xae} + [Bue]{uae} (12)

where

£ v
{xae} = E 5 {uae} =37
xlag )

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

0 m 0
[Ar] = | —[MI"'[K] —[M]"'[B] —q[M]'[D)]
0 (Ex] »IR]
0 0 0
[Bol= | —IMI"'[Kp] —[M]'[By] —[M]'[M,,]
0 E,] 0

where

- 2 -
) = 0+ D] IRI= K + g

_ b . b?
[B] = [th + %Ahhl]’ M,,] = |:th + qv_zAhvz]
- - b
Kl = aln ) Bl =27 140]

The output parameters are expressed in the form
{Vae} = [CocllXae} + [Daelittac} (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
expressed in terms of modal displacements and the voltage inputs.
The element strains, for example, are expressed by

e = [EUu][¢av¢ah1{ t=taoal{l] a9

where [¢,,] and [¢,,] 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.

As in the case of common control surfaces and actuators, the
piezoelectric commands should also be modeled as driving the patch
through a 3rd order filter (actuator) [5,11]. This is done to allow a
proper representation of the mass coupling effects due to [M,]
without having a direct link between the command and the state
response. The filters add three states for each piezoelectric patch. The
roots of this filter 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 compared
with the direct-force approach presented in [6] are that a) local
vibration modes generated by additional fictitious masses at the
patch—structure connections are not essential as it is in the direct-
force approach; b) the explicit appearance of the control columns in
the aerodynamic approximation of Eq. (11) may improve their
accuracy; and c) the modal data needed to construct the state-space
equations can be extracted from a single standard normal-modes
analysis of the structural model, which facilitates a convenient
application in common ASE analysis codes such as ZAERO [5].

V. Optimization with a Fixed Modal Basis

Gradient-based aeroservoelastic design optimization procedures
that are based on state-space time-domain formulation were
presented and discussed in [10,11]. For the sake of efficiency, major
design cycles are performed in these procedures with a fixed set of
modal coordinates without returning to the full finite-element model.
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The behavior functions and the optimization constraints, and their
derivatives with respect to structural and control design variables, are
updated along the design path based on modal sensitivity data
prepared ahead of time by the finite-element code, while calculating
the normal modes. The required formulation is based on the updated
system matrices in Eqs. (12) and (13) and their derivatives with
respect to the design variables. The sensitivity expressions of [10,11]
are complemented in this section with system matrix derivatives with
respect to the piezoelectric patch variables, which facilitates the
associated sensitivities of all the ASE stability and response
parameters discussed in [10,11].

While the normal modes of the baseline structure are used as a
fixed set of modal coordinates, the piezoelectric control modes have
to be changed in each design step because of their dependency on the
elastic equilibrium between the structural deformation and the
voltage command expressed in Egs. (2) and (3). However, the fixed-
modal-basis concept of [10] can still be used to express the control
modes [¢,,] along the design path as a linear combination of baseline
control and elastic modes

[Ga] = [DaullVin] + [0 [V ] + [Gucl[Ver] (15)

where [¢,,] and [¢,,] are the rigid-body and the elastic partitions of
[d.n]- For the baseline structure, [y,]=1[I], [¥.,]=[0] and
[¥.,] = [0]. They are to be updated along the design path such that
Egs. (3) and (4) are satisfied for the updated structure. The
substitution of Eq. (15) in Eq. (3) with updated stiffness terms, and
the premultiplication by [¢,,¢..]" yields

Izuv Izve lpvv d) v
5 ][

where the subscript p is as defined after Eq. (2) and

kvv kve _ K,, K, + AKUU AKve
IEZ;» kee KlTve Kee AKuTe AK?e 17

where [K,.] and [K,,] are the diagonal matrices of generalized
stiffness values associated with the elastic and control modes, and
[K,.] is the stiffness coupling between the elastic and control modes.
As deduced from Eq. (3),

[va Kve] = [va]T[Kgp][(bpv q)pe] (18)

which can be easily calculated after the baseline normal-modes
extraction using the stiffness matrices of the piezoelectric patches.
The incremental (A) matrices in Eq. (17) are calculated during the
optimization cycle. When the dependency of [K,,] on a design
variable p, is linear,

AK,,
S A Tali koo

ee

where
D[R, K] _ [ 05 ] 0Kl
apk[kge kee]_[ £€:| ap [¢av¢ae] (20)

which can be calculated when the baseline modes are generated. The
treatment of structural design variables that have quadratic effects of
the stiffness matrix, such thickness effects on out-of-plane stiffness
of plates, is discussed in [10]. The generalized mass, stiffness and
damping matrices in [A,,] and [B,,.] of Eq. (12) are updated in a
similar way, using the associated derivatives with respect to the
design variables stored in the modal data base [10].

The solution of Eq. (16) at each step along the optimization path
provides the updated [v,,] and [v,,] of Eq. (15). The substitution of
Eq. (15) in Eq. (4) yields the updated [/, ],

(W] = =M, 1AM ][] + M, V) @n

where [M,,] and [M,,] are calculated similarly to [K,,] in Eq. (17) and
A[M,,] similarly to A[K,,]in Eq. (19). With this update performed in
each iteration, the rigid-body partition of the mass coupling matrix of
Eq. (10) remains zero throughout the design path and the elastic-
mode partition becomes

(M) = (M) + A D] + M) + [MedlVe]  (22)

where A[M,,], [M,,], and [M,,] are calculated similarly to A[M,,],
[M,,). and [M,,].

The control-related matrices in [B,,] of Eq. (12) (those that have v
as their second subscript) are updated along the optimization path
according to the mass coupling of Eq. (22) and with the updated
control-mode-related aerodynamic terms

[A~hv,] = [Ahv,][V/vv] + [Ahh,-][Whv] (23)

and

[Ev] = [EL][I//UU] + [Eh][wm’] (24)

where only [y,,] and [¥/,,,] = [¥,,V.,] change along the design path.

The update of the output matrices in Eq. (13) should also consider
the changes of the control modes [¢,,] according to Eq. (15). Strain
outputs, for example, are updated by

[&’ev] = [d)eu][WUU] + [d)eh][whv] (25)

It should be noticed that, unlike in the application of Eq. (14) to the
baseline structure, Eq. (25) is not valid for calculating the strains of
the piezoelectric lead zirconate titanate (PZT) patches when the
structure or the patches are modified. The reason is that the patch
strains depend on the scalar-point displacement, as implied by
Eq. (6), which remains fixed (¢, = 1) when the control mode is
modified. A practical way to overcome this difficulty is by adding a
dummy patch of negligible thickness in parallel to each actual PZT
patch, with its grid points connected to the structure side of the patch—
structure interface. The modal strains [¢,,]gummy associated with the
dummy patches can be calculated by Eq. (25). Since the differences
between the modal strains of the actual and dummy patched remain
unchanged, the modal strains of the actual patches can then be
calculated along the design path by

[E")ev]patch = + [¢ev]palch -

where [Ge, ]ach and [de, |aummy Telate to the baseline structure.

[(T)ev]dummy [d)ev]dummy (26)

VI. System Matrix Derivatives

The derivatives of the system matrices in Egs. (12) and (13) are
expressed in [10] as functions of the derivatives of the generalized
mass, stiffness, and damping matrices associated with the fixed-basis
modes. Similar expressions are presented here for the derivatives of
the control-related matrices in [B,,] of Eq. (12). The main difference
between the derivatives below and those of [11] is that the control
modes here are not fixed, but are functions of the structural design
variable. The differentiation of Eq. (15) yields

[VAU] [l/fw]

b 0
Mol _1g,,)%0d 10,
Dk

27

[(bae]

The derivatives in the right side of Eq. (27) are obtained by
differentiating Eq. (16), which yields

i wvv _ kLL Ieve -

apk wgv - K{e [zee

([ a[Kz,,][X [ K K| Yw 08)
T ap, " apy KL, K, || Ve

and by the differentiation of Eq. (21) which yields
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M = _[Mrr]71 (M [wvv] + a[M”] [vfrv] + a[M’f] [wev]
Ipe e s Ipx
+ AM,,] agﬁv:] +[M,,] 8%:]) )

The derivatives of the control-related matrices in Eq. (12) can now
be calculated with the derivatives of the mass matrices defined with
the baseline modes. The derivatives of the control-related
aerodynamic terms in [B,,] are

I L 60)
Pk Pk Pk
and
3 v, d
88[EU] —E] ([)ww] +E,] gwm] 1)
Dk Dk Dk

The derivatives of PZT patch stresses and strains are those of the
dummy patches, as implied by Eq. (26).

VII. Numerical Example

The procedure for aeroservoelastic modeling with piezoelectric
actuation is demonstrated using the aeroelastic model of an
unmanned 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. Symmetric boundary conditions are
applied along the fuselage beam.

As detailed in [6], 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 half of the control surface, as marked in Fig. 1. The
patches were modeled as plies of orthotropic material with large
chordwise stiffness relative to the patched skins and negligible
spanwise stiffness. The control surface is deflected by a voltage
command that extracts 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 [2,3]. The Young
modulus in the X direction is

E, = 6.0E" N/m?
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 pstrain/V

and the maximal voltage input is 1000 V.

To obtain high-accuracy response to piezoelectric control
commands, the baseline modes are first calculated with fictitious
masses at the patch—structure interface as discussed in [6]. The
control mode of static deformations due to unit voltage command
was generated in [6] in two ways, by a static solution with the finite-
element model, and through normal-modes analysis with the dummy
huge mass M. Both solutions were based on {X,, } of Eq. (2) being a
zero vector except for the terms {x,} associated with the in-plane X-
direction coordinates of the upper patch trailing-edge points, which
are

€ %1, =9.15E% m

Fig. 1 UAV structural model.

each, and those of the lower patch which are —9. 15E~3 meach. The
two computation methods resulted with identical control modes. The
normal-modes method is used below because it is significantly more
convenient, as explained above.

The modal solution is performed by duplicating the patch—
structure interface points, adding a scalar point and imposing the
MPC constraints of Eq. (5) and loading the scalar point by the
dummy mass M = 10° kg. The resulting frequencies and modes
are practically identical to those of the baseline structure, except that
the modes include now the control mode with practically zero
frequency. Since the calculated control mode is normalized to unit
generalized mass, it should be multiplied by 103 in order to obtain the
actual control mode. With maximal electric input of 1000 V, the
control-surface deflection is 0.67°.

The aerodynamic boxes of the doublet-lattice unsteady
aerodynamic model are shown in Fig. 2 with the locations of 4
accelerometers for subsequent ASE analysis. More details are given
in [6]. The generalized aerodynamic matrices served as tabulated
data for the rational aerodynamic approximation of Eq. (11). The
approximation was performed by the ZAERO code [5] with 6
aerodynamic lag terms, physical weighting of the tabulated data, and
with the steady aerodynamics constrained to match the data at k = 0.
The approximation coefficients were then used by ZAERO to
construct the state-space model of Egs. (12) and (13). The model has
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.

X [m]

Fig. 2 UAY aerodynamic model.
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Z[m]

X [m]
Fig. 3 Static response with aerodynamic forces.

0.71 T T
o Updated with fixed modal basis A
A Updated based on derivative N
¢ Updated with FE model
|| — Fictitious masses P
0.7 L
- - No fictitious masses

3 [deg]

0.68

0 0.1 0.2 0.3 0.4 0.5
Relative variation of patch thickness

Fig. 4 Control-surface angle vs added PZT patch thickness.

Static and dynamic response characteristics with the direct-force
and the control-mode approach were demonstrated in [6]. The
approach taken in this paper is the control-mode approach, which
was found to be more robust and convenient. The fictitious masses
that generate the local modes were not essential in the control-mode
applications of [6]. Their effectiveness in sensitivity analysis is
examined below.

The sensitivity model is first demonstrated by calculating the
steady-state response to a static piezoelectric command of 1000 V at
airspeed V =50 m/sec. The deformed wing shape with the
deformations multiplied by 100, is shown in Fig. 3. Variations of the
control-surface deflection angle with added thickness to the PZT
patches between 0 and 0.5 of the original thickness are shown in
Fig. 4. It can be observed that the estimated changes in the control-
surface deflection based on the fixed-mode approach, without
returning to the finite-element model, are very close to those obtained
by generating new models from updated finite-element models. The
derivatives calculated for the baseline model are accurate, but their
use in predicting the response with added PZT thickness is quite
limited. It can be also observed that the model is considerably less
accurate when fictitious masses are not used, but may still be
sufficiently accurate under certain move limits. Similar results are
shown in Fig. 5 for the aeroelastic displacements at the wing-tip area
(accelerometer no. 1).

The variations of the chordwise strains in PZT patch no. 1 with the
relative increase of the patch thickness are shown in Fig. 6. Here the
effect of the fictitious masses is larger. Whereas the strains predicted
with fixed-modal-basis approach and fictitious masses are almost
identical to those obtained with a full model update, the incremental
changes are about 10% off when fictitious masses are not used.

0.71 T T T T
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A Updated based on derivative
& Updated with FE model

0.7+ — Fictitious masses - |
- - No fictitious masses

0 0.1

. 0.3 0.4 0.5
Relative variation of patch thickness

Fig. 5 Static wing-tip displacement vs added PZT patch thickness.

-140 T u
0 Updated with fixed modal basis
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— Fictitious masses A
- - No fictitious masses .7

Strain [pstrain]

-260 . . .
0 0.1 0.2 0.3 0.4 0.5
Relative variation of patch thickness

Fig. 6 Strains in a PZT patch vs added PZT patch thickness.

VIII. Conclusions

A modal-based method for obtaining state-space equations of
motion for aeroservoelastic analysis with strain actuators was
expanded in this work to include the calculation of stability and
response sensitivities associated with the actuator parameters. The
state-space equations were developed with the control-mode
approach. The procedure for obtaining the control modes was
defined such that they can be conveniently generated together with
the regular vibration modes using standard normal-modes
procedures. The strains in the piezoelectric elements appear in these
modes with the piezoelectric control effects included. The analysis
model was expanded to facilitated efficient aeroservoelastic
optimization with a fixed modal basis, taking into account changes
in the control mode due to the updated elastic equilibrium. The
technique of adding fictitious masses to improve the local accuracy
around the piezoelectric patches improves the accuracy of PZT-
related sensitivity analysis and may be used to expand the move
limits in optimization studies with reduced-order models. The
models are formulated such that it can be constructed using common
finite-element and aeroservoelasticity codes such as MSC/
NASTRAN and ZAERO.
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