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Aeroelastic Actuation Using Elastic and Induced
Strain Anisotropy

Charrissa Y. Lin* and Edward F. Crawleyt
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The effects of elastic anisotropy, induced strain anisetropy, and geometric sweep on piezoelectric aeroelastic
authority are studied via a hybrid Ritz-typical section. The governing parameters for piezoelectric actuation
are determined: the piezoelectric autherity parameter, the piezoelectric induced strain anisotropy, and the
piezoelectric angle. Three distinct piezoelectric actuators are introduced: 1) an isotropic actuator, 2) a ‘“bend”’
anisotropic actuator, and 3) a ‘‘twist”’ anisotropic actuator. Open- and closed-loop analyses are conducted to
compare the relative authority of the three piezoelectric actuators and a trailing-edge flap. A combination
piezoelectric actuator is introduced that provides the best overall performance.

I. Introduction

HE use of direct strain actuators such as piezoelectrics

for aeroelastic control has generated great interest in the
aeroelastic community. Lazarus et al.! described the funda-
mental mechanisms of strain-actuated aeroelastic control. Small-
scale experiments have been conducted?® and larger scale
wind-tunnel tests are underway.* The piezoelectric actuators
used in these models are thin-sheet piezoelectrics, which are
in-plane isotropic both in their elastic and induced strain prop-
erties. Due to this isotropy there is no direct method for these
actuators to induce wing torsion. However, control over angle
of attack is found to be essential in high authority aeroelastic
control.!

The objective of this article is to qualitatively examine the
effectiveness of three different methods for enabling piezo-
electric aeroelastic control, specifically focusing on torsional
control. These methods include tailoring the anisotropic com-
posite laminate, utilizing anisotropic thin-sheet piezoelectrics,
and gcometrically sweeping the wing. The comparisons are
made via a hybrid Ritz-typical section model that includes
these physical phenomena.

Using a tailored anisotropic composite laminate provides
the designer with potentially beneficial elastic coupling mech-
anisms. The aeroelastic benefit of altering flutter and diver-
gence speeds of passively tailored composites is already well
understood.>® Through the use of extension- and bend-twist
coupling mechanisms, tailored laminates enable torsional au-
thority from isotropic piezoelectrics. Because changes in the
operational thermal environment induce undesirable twist in
nonsymmetric extension-twist laminates, bend-twist coupled
laminates are more promising.

A second method of torsional control involves anisotropic
piezoelectrics. Piezoelectric or induced strain anisotropy re-
fers to piezoelectrics that exhibit a larger induced strain along
one in-plane axis, the piezoelectric major axis, than along the
other axis, the piezoelectric minor axis. Anisotropic piezo-
electrics have been developed recently using piezoelectric fi-
ber composites,” interdigitated electrodes,? and directionally
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attached piezoelectrics.” The anisotropic nature can be ex-
ploited by aligning the piezoelectric major axis to create ex-
tensional strain at an angle to the elastic axis and induce
torsion in the structure.

By geometrically sweeping the wing, coupling between
structural bending and aerodynamic angle of attack is created.
In addition to the effect on the passive aeroelastic behavior,
this coupling mechanism provides a means of piezoelectric
authority on angle of attack. Ehlers and Weisshaar’s study on
flexural axis control utilizes this coupling mechanism.!"

These three methods are modeled and incorporated into a
hybrid Ritz-typical section model. The model uses a Ray-
leigh—Ritz analysis of an anisotropic plate with piezoelectric
actuators to obtain expressions for the bending and torsion
spring constants of a typical section as well as the piezoelectric
actuation expressions. Initially, their effects on passive aero-
elastic behavior are examined. Next, the open-loop effec-
tiveness of the piezoelectrics and a flap on both plunge and
pitch is studied for varying composite fiber angle and piezo-
electric angle at zero airspeed and at a nominal airspeed below
divergence. The final section compares the performance of
controllers designed using isotropic piezoelectrics, anisotropic
piezoelectrics, and a flap.

II. Typical Section Model

The geometry of the typical section can be seen in Fig. 1.
The two section degrees of freedom are pitch « and plunge
h. The forces acting on this section include those due to strain
actuators and those due to the basic wing- and flap-induced
aerodynamics.

The three coupling mechanisms are incorporated into the
typical section. First, the anisotropy of a laminated structure
is modeled using a Ritz analysis. Expressions for the uncou-
pled bending and torsional stiffnesses per unit span K|, and
K, and elastic axis location ab of the typical section are de-
rived. Second, the steady aerodynamics associated with geo-
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Fig. 1 Typical section geometry.
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metric sweep are included and transformed to the elastic axis
location. The trailing-edge flap B is modeled as a rigid surface
with no inertial dynamics. Third, piezoelectrics that are an-
isotropic in their elastic and induced strain properties are
modeled using a Ritz analysis, and expressions for their equiv-
alent forces and moments at the elastic axis are derived.

A. Modeling of the Elastic Anisotropy

The wing is modeled as an anisotropic plate. Using energy
methods, the governing differential equation for an aniso-
tropic plate with induced strain actuation is derived as'!

*w d*w d*w d*w
Dy—+2D,—— +4D -+ D»—
ax* ax2dy? ax3ay ay
d%w o'w °my,  I'my,
+ 4D26 + 66 5 7” 21-
dxay? ax 29y ax? ax
d°m,, d°m,,,
+—2 + —F = Ap, 1)
ay~ ay~
where
D, = J’Q_,-jz2 dz

my, = f Q-,.,Ajz dz

and A; is the actuation strain in the j direction and Q-,-, is the
modulus (where 1, 2 correspond to x, y). Note that the integral
expression for m, . includes only the ijth term without a sum-
mation on j.

In order to derive expressions for the two spring constants
K, and K, and the nondimensional elastic axis location a, a
two-mode Rayleigh—Ritz approach is used. All structural
modeling is completed in the %, y system (Fig. 2) (overbar
indicates dimensions in the £, y system). The two Ritz modes
are a bending mode, parabolic in the spanwise direction, and
a linear twist mode

W(E, y, 1) = 2 ¥,(%, )g:(0)
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where [ is the spanwise distance to the typical section. When
evaluated at the three-quarter span, the mode shapes of Eq.
(2) produce unit bending deflection and unit structural twist
at the midchord, here used as a reference point (denoted by
the subscript ¢):

h(t) = w(l. 0, 1) = q,(1) )
oh ow -
- = a - 1(%7 07 t) = t
ay oy (/. ) = qx(1)
The shapes of Eq. (2) are differentiated to obtain strain mode
shapes and then incorporated into the strain energy expression
with the appropriate elastic moduli to obtain the structural
stiffness matrix, which includes the passive stiffness of any
piezoelectrics present
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Fig. 2 Sign convention for the swept-wing model showing structural
(x, y) and flowwise (x, y) axes.

where F. and M, are the load and moment per span at the
midchord of the typical section.

To incorporate this coupled stiffness matrix into the typical
section model, the elastic axis location and corresponding
uncoupled stiffness (per unit span) matrix must be found. The
transformation between the displacements at the midchord
and at the elastic axis is

H e P (A R R PR C

The spring forces per unit span at the elastic axis are calculated
by dividing Eq. (4) by the span /, and appropriate use of the
transform matrix Tg, [see Eq. (5)]:

FEA — 1 T BEA
{MEA} - (?) TEAKTEA {dEA} (6)

The location of the elastic axis and the uncoupled stiffnesses
are found by setting the off-diagonal terms of TZ,KTg, to
Zero:

,_ ke 31D,
K, b 456D,
K 8b
K, = % = TDH (7)
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In this simple model, the elastic axis is directly related to the
ratio of bending-torsion coupling to spanwise stiffness.

B. Modeling of the Aerodynamic Operators

Since the typical section is taken in the structural coordi-
nates, the aerodynamic model, developed in flowwise coor-
dinates, must be transformed. Steady aerodynamic forces are
used to simplify the expressions and to focus on the funda-
mental trends involved in the use of piezoelectric actuation.

- For a straight wing (A, = 0), the static acrodynamic forces

are only due to the twist angle «., since it is synonymous with
the angle of attack in this case. The inclusion of aerodynamic
forces for a straight wing introduces twist-bend coupling: when
the wing twists, the lift force created bends the wing.

There are several corrections to the aerodynamic forces that
must be made for the incorporation of geometric sweep angle
A, (Fig. 2). First, a cos A, correction on the lift-curve slope
must be made. Second, the geometry of the typical section is
altered. Spanwise dimensions are shortened and chordwise
dimensions are lengthened. Equations (8) and (9) give the
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aerodynamic forces in the flowwise axes with the geometrical
modifications and the correction of the lift-curve slope:

h. A
F, ah -
c ah .
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{ } > ox ?
! oh, a,
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A =
00 ~pU?(blcos A)(C,, cos A (A% cos A,)
00 0
[0 0 pU2(élcos A)(blcos A)(C,, cos A)(Ax cos Ag):l
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Finally, the aerodynamic forces must be transformed from
the flowwise axes x, y to the structural axes ¥, y (Fig. 2).

E‘. hC
oh, [1 0 0 ] oh,
=10 cosA, -—sinA -
o 0 sinA, cosA, || "
oh, o,
ay ay
h,
oh,
=Ty {0z (10)
ah,
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The inclusion of geometric sweep introduces bend-twist cou-
pling in contrast to the twist-bend coupling of the unswept
aerodynamic forces. When the wing is bent, there is no twist
in the structural axes, but in the flowwise axes, the wing has
an angle of attack.

The typical section equations of motion have only two de-
grees of freedom: 1) a plunge motion g, and 2) a pitch motion
g»- The displacement and slopes on the right-hand side (RHS)
of Eq. (10) must be expressed in terms of these two degrees
of freedom, and the generalized acrodynamic forces on these
two degrees of freedom must be found. Recalling Eq. (3),
the appropriate transformation matrix is

h, i Vl(l_tsv 0, t) 0

oh, ¥y, .

Zel 12, 0,0 0 4

ox ox q,

oh v, -
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— q,

=T 11
M{Qz} (11)

Consequently, the generalized aerodynamic forces acting at
the midchord in the structural axes are

Ol _ prpr q1
{Qz} = TMTA.QATAgTM {Qz} (12)

The transformation on the forces (T3,T7% ) is premultiplied to
the aerodynamic forces due to the trailing-edge flap. All of
the aerodynamic forces must be transformed from the mid-
chord to the elastic axis using Eq. (5).

C. Modeling of the Anisotropic Piezoelectrics

Three factors govern the effectiveness of anisotropic pie-
zoelectric actuators: 1) their authority, 2) anisotropy, and 3)
orientation. Three appropriate normalizing parameters are
first identified, followed by a derivation of a model for the
equivalent piezoelectric force and moment acting on the typ-
ical section.

The piezoelectric authority scaling parameter is derived from
the governing equation for a plate with induced strain actua-
tion [Eq. (1)]. A simplified bending model is

‘w azm,\”

D“—B—x-; + W =0 (13)

Nondimensionalizing the spanwise dimension x by the span
1, the vertical displacement w by a reference displacement wy,
the substrate stiffnesses D, by a reference stiffness D,, and
the piezoelectric moment terms m, ; by a reference moment
my, yields

my 7 8°my |
D,— + =0 14
"axt  Dgw, ox2 (14)

where the tildes indicate nondimensional quantities. The new
nondimensional group is

C, = m, PIDyw, (15)

Note that, increasing the piezoelectric thickness does not
monotonically increase C, since the piezoelectric stiffness af-
fects both m, and D,. Holding the substrate thickness con-
stant, Fig. 3 shows the effect of increasing thickness ratio on
C,. Isotropic piezoelectrics and a fiber sweep angle of —30
deg are assumed.

Both the bending and bend-twist curves show a maximum
in C, for increasing piezoelectric thickness, derived here for
a solid composite plate with piezoelectrics added to the top
and bottom surfaces. The thickness ratio is defined as the
ratio of the thickness of the piezoelectric on one side of the
plate to the structural thickness. The reference stiffnesses for
the bending and bend-twist cases, respectively, are

D, =D, (16)
D. = DnD@s - D%ﬁ
"7 D

The reference bending stiffness is the obvious choice and the
reference bend-twist stiffness may be obtained by assuming
only a spanwise bending moment and calculating the resulting
twist curvature. It may also be derived from the typical section
model by representing a bending moment by a force applied
at the midchord and solving Eq. (6) for ag,.

For the bending case, the authority parameter initially in-
creases because the piezoelectric moment 71, increases as the
piezoelectric thickness is increased from zero. However, the
piezoelectric contribution to the stiffness is also increasing.
When the piezoelectric stiffness begins to dominate the overall
stiffness, the piezoelectric authority decreases; this is because
the piezoelectric stiffness is proportional to the cube of the
piezoelectric thickness, while the piezoelectric moment is only
proportional to the square of the piezoelectric thickness.

In addition to the moment and stiffness effects, the bend-
twist authority is also influenced by the relative isotropy of
the piezoelectric to the substrate. If elastically isotropic pie-
zoelectrics are assumed, the overall bend-twist coupling (D)
of the structure is decreased as the piezoelectric thickness is

‘increased. It should be noted that the location of the maxi-

mum for both curves is also dependent on the ratio of pie-
zoelectric stiffness to substrate stiffness and the magnitude of
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Fig. 3 Variation in the piezoelectric authority parameter for increas-
ing thickness ratio. w, = b.

the curves is dependent on the geometric parameters in C,,
but the presence of the maxima is fundamental.

The significance of this new nondimensional parameter is
twofold. First, it can be used to compare the relative piezo-
electric authority of two wings (e.g., a model and full-scale
wing). Second, the actual value of the parameter provides an
indication of the level of piezoelectric authority. As a refer-
ence, for a cantilever beam actuated in bending by a uniformly
distributed piezoelectric layer, the tip deflection created by
C, = 1is 0.5w, or half the reference displacement.

For piezoelectrics with induced strain anisotropy, two ad-
ditional parameters are required: 1) the induced strain an-
isotropy d,, and 2) the angle at which the piezoelectric prin-
ciple axes are placed with respect to the wing axes 8,. The
piezoelectric in-plane actuation strains are

A, d;, 41
{A:} = {dsz} E, = {dr} dy E; (]7)

Using the actuation strain vector and the appropriate ma-
terial stiffness matrix for the piezoelectrics, assumed to be
elastically in-plane orthotropic, the stresses induced by the
piezoelectrics are calculated. These stresses are then trans-
formed using the two-dimensional tensor transformation from
the piezoelectric principle axes (at 6,) to the wing structural
axes. The piezoelectric modal forces, F,, and F,,, which cor-
respond to ¢, and g¢,, may be calculated using the Ritz method.
These piezoelectric modal forces must be further transformed
to the elastic axis coordinates [Eq. (5)] and divided by the
span to be incorporated into the typical section equations:

Fi 1 F,
_ = =TI Ay 1
{M‘\E/\} l A FA: ( 8)

In the following analyses, thrce different piezoelectric “ac-
tuators™ are compared. The baseline case is a completely
isotropic piezoelectric that has identical piezoelectric coverage
on the top and bottom surfaces of the plate. The piezoelectrics
are actuated in a bender configuration with the bottom pie-
zoelectric’s induced strain being the opposite of the top’s strain.
The remaining two cases utilize the piezoelectric anisotropy.
In both cases, the major axis of the top piezoelectric is ori-
ented at 6, and the major axis of the bottom piezoelectric is
oriented at — 4, (Fig. 2). The second actuator is referred to
as the bend actuator and is actuated in a bender configuration.
On an isotropic structure, this actuator induces bending and
extension. The third actuator is referred to as the twist ac-

1 1 1 )
] 01 0.2 03 0.4 05 0.6 0.7 08 09 1

tuator and has both piezoelectrics actuated with the same
strain. This actuator induces torsion and extension on an iso-
tropic structure. The extension effects of these actuators are
ignored in the typical section model.

The force and moment at the elastic axis caused by the
bend actuator are

 Shhb o
AEA 72 [(Qll + d:-le)COS“O,,
+ (00 + d,0x)sin%g,
(¢ A )4 ] o
] ~8h,1,Aab o
MAEA = iz [(QH + erlz)COS'OI,

+ (le + erzz)szGp]

where #, is the height from the neutral axis to the midline of
the piezoelectric, ¢, is the thickness of the piezoelectric, A,
is the piezoelectric actuation strain, (), is the piezoelectric
modulus, and (") indicates quantities in the piezoelectric axes.
The expressions simplify if the piezoelectrics are elastically
isotropic and their stiffness is determined only by Q;, and ».
The expressions for force and moment at the elastic axis are
further simplified for actuators isotropic in both their elastic
and induced-strain properties (d, = 1). Note that the actuators
produce only a force at the midchord. The presence of a
moment is due to the displacement of the elastic axis from
the midchord.
In contrast, the twist actuator creates a pure moment:

F,, =0
R (20)
_ 8h,t,A\b R A
Apa l— [Q + Qun(d, — 1) — d,Qx]sin 8, cos 6,
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As before, the expressions simplify for elastically isotropic
actuators. If the piezoelectrics of the twist actuator are made
isotropic in their elastic and induced strain properties (d, =
1) the moment goes to zero as well.

III. Wing Model Parameters and Passive
Aeroelastic Analysis

In order to have a concrete example for calculation, a sim-
ple wing model is studied. The wing model is a uniform rec-
tangular plate with the following parameters: material AS1/
3501-6, AR based on semispan of 4, thickness ratio of 1%,
and piezoelectric thickness ratio of 0.03. The further simpli-
fication that all plies are at an angle of 6, (Fig. 2) is made.
PZT-5H piezoelectric is assumed to cover both sides of the
laminate with a bending C, = 0.16 fora 6, = —30 and w, =
b. This piezoelectric thickness is chosen to simulate a MIT/
NASA wind-tunnel model being tested in the Langley Tran-
sonic Dynamics Tunnel.'? Fiber sweep angle 6, refers to the
angle of the composite fibers from the structural reference
axis, and the piezoelectric angle 6, refers to the angle of the
piezoelectric major axis from the structural reference axis.

Using this wing, the relationship between fiber sweep angle
and elastic axis location can be derived explicitly for the bare
laminate and the laminate with piezoelectrics (Fig. 4). The
angle at which the maximum bend-twist coupling and excur-
sion of the elastic axis is achieved is lower for the case with
piezoelectrics. The added isotropy of the piezoelectrics lessens
the overall bend-twist coupling of the structure. In both cases,
the displacement of the elastic axis from the midchord in-
creases essentially linearly until nearly the angle of maximum
displacement. Past this angle, increasing the fiber sweep angle
decreases the elastic axis displacement up to a fiber sweep
angle of 90 deg, at which there is once again no bend-twist
coupling. Laminate strength characteristics would place an
upper limit on the allowable fiber angle for any physical wing.
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Nondimensional elastic axis location

A\ I CONIP ORI — Laminate alone
-~ — Laminate with piezoelectrics
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Fig. 4 Movement of elastic axis for varying fiber sweep angle; ab is
the distance of the elastic axis aft of the midchord, where b is the
semichord.

The nature and speed of the first aeroelastic instability pre-
dicted by the hybrid Ritz-typical section matches the exper-
imental data from Landsberger and Dugundji well.® For the
common case of aft geometric sweep and forward (in struc-
tural coordinates) fiber sweep, the flutter speed is relatively
insensitive to these two parameters and they can be optimized
for piezoelectric authority without dramatically altering the
passive characteristics of the model.

IV. Comparisons of Open-Loop Authority

Before designing controllers, a static open-loop analysis is
performed to evaluate the effectiveness of the various actua-
tors. As an indication of effectiveness, the typical section
equations are solved for the nondimensionalized plunge and
pitch displacements.

To enhance understanding of the various coupling mech-
anisms, the following analysis uses a sequential approach.
First, comparisons of the isotropic, bend, and twist piezo-
electric actuators are made for zero airspeed. Then unswept
aerodynamics are added, and finally the aerodynamic cou-
pling associated with geometric sweep is included. For non-
zero airspeed below divergence, the effectiveness of a flap
that is 10% of the chord is also included. For clarity, the bend
and twist piezoelectric actuators use piezoelectrics that ideally
induce anisotropic strain (d, = 0), but are elastically isotropic.
The authority of an actuator with an intermediate anisotropic
strain ratio (e.g., d, = 0.5) lies between that of the ideally
anisotropic and the isotropic.

Examining the nondimensional static displacements at zero
airspeed provides a clear view of the effects of fiber sweep
angle and piezoelectric angle on the effectiveness of the var-
ious piezoelectric actuators. The displacement caused by the
piezoelectrics is a product of the piezoelectric force and mo-
ment and the stiffness of the overall structure. Equations (19)
and (20) show that the fiber sweep angle does not affect the
piezoelectric force and moment at the elastic axis. For an
elastically isotropic actuator, the piezoelectric angle does not
affect the stiffnesses. This implies that the effect of the fiber
sweep angle and the effect of the piezoelectric angle are largely
separable when the piezoelectrics are elastically isotropic: the
fiber sweep angle affecting only the stiffness matrix, and the
piezoelectric angle affecting only the piezoelectric force and
moment. Therefore, the effects of varying the angles may be
examined individually. A piezoelectric angle of 45 deg is cho-
sen for the fiber angle study because it optimizes the twist
actuator’s authority. A representative fiber angle of —30 deg
is chosen for the piezoelectric angle study.

0.5 T T T T T T T T T

Nondimensional plunge displacement

Isotropic Actuator | : : : : :

.0.4 . P R T RUPI TP e .
~ -~ — "Bend" Actuator : : : : : :
Y| Rtk “Twist" Actuator : ; | : ;

1
-80 -60 -40 -20 0 20 40 60 80
Fiber sweep angle (deg}

Nondimensional pitch displacement

Isotropic Actuator | «--ooorr e

0.08] ——— ISOtropic Actuator |« orr i 4
- — - - 'Bend" Actuator
ool "Twist" Actuator ; : : : : R

-80 -60 -40 -20 0 20 40 60 80
Fiber sweep angle (deg)
Fig. 5 Open-loop effectiveness without aerodynamics for varying fi-
ber sweep angle. Piezoelectric angle is 45 deg.

The effect of fiber sweep angle on the piezoelectric au-
thority is due solely to the variation in stiffnesses (Fig. 5).
The isotropic and bend piezoelectric actuators vary in their
effectiveness over the plunge displacement according to the
spanwise stiffness. With a fiber angle of 0 deg, the structure
has its maximum spanwise stiffness and, therefore, the ac-
tuators have their minimum authority. As the fiber angle
increases to 90 deg, the spanwise stiffness decreases and the
piezoelectric authority increases. The isotropic actuator is more
effective than the bend actuator because of the Poisson’s effect
of the strain in the chordwise direction, since no chordwise
bending is permitted. The twist actuator demonstrates no au-
thority over the plunge displacement since it commands no
force, and the stiffness matrix without aerodynamics is un-
coupled. It should be noted that C, changes with varying fiber
sweep.

The three actuators provide fairly equivalent levels of pitch
displacement. The twist actuator’s variation with fiber angle
is due to the torsional stiffness variation. When the torsional
stiffness is highest (e.g., a fiber sweep angle of 45 deg) the
twist actuator’s torsional authority is lowest. The reverse is
also true. The isotropic and bend actuators gain torsional
authority strictly through the bend-twist coupling of the struc-
ture. Their authority over the pitch displacement is propor-
tional to the elastic axis location and inversely proportional
to the torsional stiffness. The dominant effect is that of the
elastic axis, which can be seen by comparing Fig. 5 with Fig.
4. The slight shift in the peak is caused by the torsional stiff-
ness variation. When there is no bend-twist coupling (i.e., a
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Fig. 6 Open-loop effectiveness without aerodynamics for varying pi-
ezoelectric angle. Fiber sweep angle is — 30 deg.

fiber angle of 0 deg) the isotropic and bend actuators have
no authority over the torsional motion.

The variation in open-loop effectiveness due to the pie-
zoelectric angle can be seen in Fig. 6. The twist actuator
exhibits the sin 6, cos §, behavior of Eq. (20) in its pitch
authority. The bend actuator is most effective when the pi-
ezoelectrics are aligned with the wing axis, since the bend
actuator derives all of its effect, whether pitch or plunge, from
bending the wing. Therefore, it is most effective in twist when
concentrating its efforts on spanwise bending. The isotropic
actuator’s effectiveness does not vary with piezoelectric angle
and is shown for reference only.

A parallel comparison of the static aeroelastic character-
istics is made with unswept aerodynamics included (Fig. 7).
An airspeed of three-quarters of the lowest divergence speed
is used guaranteeing that the model is not near static diver-
gence for any fiber angle. The trailing-edge flap effectiveness
is also included in Fig. 7.

The incorporation of unswept aerodynamics adds two ef-
fects to the trends of Figs. 5 and 6: it alters the effective
torsional stiffness and introduces twist-bend coupling. The
first effect is most clearly seen in the asymmetry of the pitch
displacement curves in Fig. 7. When the elastic axis location
is aft of the c.p., the aerodynamics decrease the torsional
stiffness and increase the actuator authority. Since the c.p. is
located at the quarter-chord point, it can be seen from Fig.
4 that the region of decreased torsional stiffness covers es-
sentially the right half of Fig. 7. On the other hand, when the
elastic axis is forward of the c.p., the torsional stiffness is

Nondimensional plunge displacement

Isotropic Actuator
— — — - "Bend" Actuator
—-—- = "Twist" Actuator

© © © Flap Actuator ; ; | . : :
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o
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o
=

Nondimensional pitch displacement
b

Isotropic Actuator
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c—r= = "Twist" Actuator
© © O Flap Actuator

-80 -60 -40 -20 0 20 40 80 80
Fiber sweep angle (deg)

-0.08

Fig. 7 Open-loop effectiveness with aerodynamics for varying fiber
sweep angle. Piezoelectric angle is 45 deg. Flap angle is 5 deg. No
geometric sweep.

increased and the actuator authority decreased, as seen in the
left half of Fig. 7.

Examining the plunge displacement curves, the dominant
trend is still the variation of the bending stiffness. The asym-
metry with respect to 6, is due to the twist-bend coupling
created by the lift force. The coupling is proportional to the
lift force and inversely proportional to the bending stiffness
and the effective torsional stiffness. The contribution of the
torsional stiffness causes the asymmetry, again favoring the
aft (positive) fiber sweep angles. In addition, the coupling
allows the twist actuator control of the plunge displacement.

The trailing-edge flap resembles the isotropic and bend
piezoelectric actuators (see Fig. 7). Both its plunge authority
and its pitch authority resemble that of the isotropic and bend
piezoelectric actuators. The pitch authority is gained through
the bend-twist coupling and the plunge authority shows the
same dependence as the isotropic and bend actuators on the
spanwise bending stiffness. The effect of the aerodynamic
coupling on the flap authority parallels the effect on the iso-
tropic and bend actuators’ authority.

The final coupling is the introduction of geometric sweep
(Fig. 8). The same airspeed is used with a representative
geometric sweep angle of 30 deg. There are two differences
of note between the cases without geometric sweep (Fig. 7)
and those with it. First, adding the geometric sweep lessens
the variation in the plunge displacement authority due to
varying fiber sweep angle. Second, the asymmetry has been
reduced. Aft geometric sweep creates the same “‘washout”
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Fig. 8 Open-loop effectiveness with aerodynamics for varying fiber
sweep angle. Piezoelectric angle is 45 deg. Flap angle is 5 deg. Geo-
metric sweep angle is 30 deg.

effect as forward (negative) fiber sweep; this counteracts the
effect of aft (positive) fiber sweep. Therefore, the torsional
stiffness is not decreased as significantly as in the unswept
case, and the actuator authority is not increased as signifi-
cantly. The actuator effectiveness trends for varying piezo-
electric angles are not affected by geometric sweep and are
not shown.

V. Closed-Loop Comparisons

The final analysis involves designing closed loop controllers
with the isotropic, bend, and twist piezoelectric actuators, the
trailing-edge flap, and a combination bend and twist actuator.
Both of the anisotropic piezoelectric actuators use their op-
timal piezoelectric angle: 0 deg for the bend actuator, and 45
deg for the twist actuator. The fiber angle is —30 deg. The
method used to design the controllers is the linear quadratic
regulator (LOR) method that assumes full state feedback.

The linear quadratic regulator method minimizes the fol-
lowing cost functional:

J = f(xTQx + pu"Ru) dt 21

where x is the state vector and u is the control vector in a
state—space representation. Q is the state weighting matrix,
R is the control weighting matrix, and p is the control weight-
ing. Letting p approach zero, ‘“cheap” control, allows the
system to use large amounts of control. Letting p approach
infinity, “expensive” control, prohibits the system from using

more control than is necessary to stabilize the plant. The
nondimensional plunge and pitch displacements are equally
weighted in the state weighting matrix. The control weighting
matrix normalizes the controls by their assumed maximums:
300ue for the strain actuators and 5 deg for the trailing-edge
flap.

The state cost and control cost of each actuator are cal-
culated and their relationship plotted. The costs are functions
of the state covariance due to the disturbance. A 1 deg?Hz
broadband white noise angle-of-attack disturbance is chosen
to resemble a gust disturbance. The state cost is the weighted
covariance of the states and the control cost is the weighted
covariance of the commanded controls. The weighting ma-
trices are the same as those used in the LQ cost function.

One of the great advantages of using piezoelectric actuators
is that multiple actuator combinations can be designed using
the same set of piezoelectrics. The “combination” actuator
allows effective control of both modes of the typical section.
In this case, both the twist piezoelectric actuator and the bend
piezoelectric actuator can be implemented using one set of
piezoelectrics. This combination is implemented electrically
by superimposing the signals on top of one another. To ensure
that the total strain in each piezoelectric does not exceed
maximum, the maximum strain for each actuator would need
to be half of the maximum strain for a single actuator acting
alone, or 150ue. Since only one physical set of piezoelectric
is used, only one piezoelectric angle may be selected. For this
analysis, a piezoelectric angle of 45 deg is selected since it
optimizes the twist actuator’s performance.

The cost curve analysis shows the limitations of single ac-
tuators (Fig. 9). For a nonsquare system in which there are
fewer inputs than performance variables, there is a funda-
mental performance limit, and the state cost cannot be driven
to zero."* This is evidenced by the horizontal asymptotes for
high control cost of all of the single actuators. The combi-
nation actuator, being a square system, does not have such a
limit and can drive the state cost to zero.

The relative performance of the various actuators may also
be seen in the cost curves. The disturbance excites the plunge
state more than the pitch state. The best plunge actuators,
the isotropic and bend actuators, perform the best of the single
actuators in the high control cost region. In the low control
cost region, the twist actuator has the lowest state cost. For
low control costs, the twist actuator is able to add significant
damping to the second mode, and add some damping to the
first mode. In the same control cost region, the other three
actuators are completely unable to damp the second mode.
Since both modes are weighted in the performance, these
actuators do not perform as well for low control effort. It is

State Cost

%
Isotropic Actuator %
4| — — — — "Bend" Actuator )§§<
0 "Twist* Actuator )§§< 3
o o O'Flap Actuator >§§(
8| X X X Combination Actuator . L L
10 .3 2 1 o 1 2 3
10 10 10 10 10 10 10
Control Cost

Fig. 9 Closed-loop comparison of the actuators using a cost analysis
for a white-noise angle-of-attack disturbance.
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only at higher control costs that they are able to damp the
second mode and improve their relative performance. The
combination actuator provides the best performance of all
actuators in all control regions, demonstrating the importance
of having effective control of both modes.

VI. Conclusions

This article provides a foundation for understanding the
piezoelectric authority optimization problem in aeroelastic
control. Specifically, the three different coupling mechanisms
available to provide piezoelectric twist control in addition to
plunge control are examined. The effects of an anisotropic
laminate, swept aerodynamics, and anisotropic piezoelectrics
have been successfully implemented in a typical section model.
To first order, these three effects are separable and uncou-
pled.

Initially, the passive aeroelastic behavior was examined.
The typical section model created predicts the qualitative
aeroelastic stability trends. From these trends, regions may
be found in which the passive aeroelastic behavior is relatively
insensitive to changes in the fiber sweep angle. In these re-
gions, fiber sweep angle can be used to modify the bend-twist
coupling of the anisotropic laminate to optimize piezoelectric
authority.

Adding the piezoelectrics, the appropriate nondimensional
piezoelectric authority parameter C, has been derived. This
scaling parameter indicates that the piezoelectric authority
does not increase monotonically for either bending or bend-
twist control. Therefore, optimal values of C, may be found
for both bending and bend-twist control.

With the introduction of anisotropic piezoelectrics, there
exist three distinct choices for piezoelectric aeroelastic actua-
tors. Using isotropic piezoelectrics, the only workable option
is a bending configuration, with the top piezoelectric actuated
opposite the bottom piezoelectric. With the anisotropic pie-
zoelectrics, two new possibilities arise. Placing the top and
bottom piezoelectric actuators at equal and opposite angles
from the midchord, the actuators may either be commanded
together or oppositely. Commanding the actuators together
acts as a twist actuator. Commanding them oppositely acts as
a bend actuator much like the isotropic actuator.

From the modeling and open-loop analysis, it is shown that
the dependence of the piezoelectric authority on the piezo-
electric angle and the fiber angle are largely separable effects.
The piezoelectric forcing term is dependent only on the pi-
ezoelectric angle, and the stiffness is dominated by the fiber
angle for reasonable amounts of piezoelectric coverage. The
bend-twist coupling is governed by the elastic axis location.

Both the open- and closed-loop analyses show that for single
actuators the performance of the isotropic strain actuator cou-
pled to an anisotropic laminate is comparable to an anisotropic
actuator in either a bend or twist configuration. The single
actuators all have a limit on performance at high control au-
thority. All single piezoelectric actuators were better than the
flap.

The closed loop analyses indicate that a combination pie-
zoelectric actuator provides the best performance. The com-
bination actuator is created by using one set of anisotropic
piezoelectrics that are electrically commanded as both a bend
and twist actuator. Conceptually similar combination actua-

tors can be made with isotropic piezoelectric actuators by
segmenting the piezoelectrics according to strain node lines
for different modes. An added advantage of the induced strain
actuators for aeroelastic control is this inherent ability to be
electrically segmented in such a way as to eliminate the fun-
damental performance limitation of a single actuator.
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