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Design, Development and Testing of a Transonic Missile Fin
Employing PBP/DEAS Actuators

Ron Barrett and Roelof Vos
Aerospace Engineering Department, The University of Kansas, Lawrence, Kansas USA

ABSTRACT

This paper describes a new class of flight control actuators using Post-Buckled Precompressed (PBP)
piezoelectric elements mounted within a transonic missile fin. These actuators are designed to produce
significantly higher deflection and force levels than conventional piezoelectric actuator elements. Classical
laminate plate theory (CLPT) models are shown to work very well in capturing the behavior of the free, unloaded
elements. A new high transverse deflection model which employs nonlinear structural relations is shown to
successfully predict the performance of the PBP actuators as they are exposed to higher and higher levels of axial
force, which induces post buckling deflections. A 6" (15.2cm) square rounded diamond transonic fin was made
with integral PBP actuator elements. Quasi-static bench testing showed deflection levels in excess of £7° at rates
exceeding 21 Hz. The new solid state PBP actuator was shown to reduce the part count with respect to
conventional servoactuators by an order of magnitude. Power consumption dropped from 24W to 1.3W, slop
went from 1.6° to 0.02° and peak current draw went from SA to 18mA. The PBP actuator was wind tunnel tested
and shown to possess no flutter, divergence or adverse aeroelastic coupling characteristics.

Keywords: Piezoelectric  Flight ControlPost-Buckled Precompressed ~ Dynamic Elastic Axis Shifting

NOMENCLATURE
Symbol Description Units
a integrating factor
A,B,D in-plane, coupled, bending laminate stiffnesses Ib/in, Ib, in-1b (N/m, N, N-m)
AR PBP Amplification Ratio = 8(F,>0)/ 5(F,=0)
b actuator width in (mm)
c integrating factor
E stiffness GPa (msi)
M applied moment vector N-m/m (in-1b/in)
N applied force vector N/m (Ib/in)
t thickness in (mm)
y out of plane displacement dimension in (mm)
z through thickness dimension in (mm)
o angle of attack deg
1) PBP beam angle deg
o PBP end rotation angle deg
€ laminate in-plain strain pstrain
K laminate curvature rad/in (rad/m)
A piezoelectric free element strain ustrain
c stress msi (GPa)
Subscripts
a actuator
b bond
ex external
1 laminate
s substrate
t thermally induced
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1. INTRODUCTION

The technical community has nearly a hundred years of modeling experience related to piezoelectric elements
of many classes. From sonar to phonograph pickups to flaps on helicopter rotor blades, piezoelectric sheets and
stacks have been used as driving elements.' Numerous studies have been centered on the addition of various types
of mechanisms, the use of different lamination techniques and/or shapes to amplify either deflection at the
expense of force or force at the expense of deflection.”” In each case some finite amount of total work was lost in
the conversion process while weight, volume, complexity and cost penalties were incurred. Because many classes
of aircraft have extremely tight weight, volume and performance requirements, they tend to drive actuators to
smaller packages with higher levels of performance. Several other classes of piezoelectric actuators to be
investigated as of late employ dynamic effects of oscillating piezoelectric, electrostrictive and/or magnetostrictive
elements in linear- and rotary-inchworm type motors. Although well suited for some applications, their system-
level power densities, bandwidths, form factors and costs are currently not compatible with some of the most
demanding classes of aircraft.

Among these most demanding types of aircraft are the small uninhabited aerial vehicles (UAVs), known as
mini- or micro-aerial vehicles (MAVs). Similarly, guided hard-launched munitions also present similar
challenges to the design engineer with bandwidths ranging in excess of 300 Hz at setback accelerations of
upwards of 100,000g’s. In recent years, these extreme requirements in bandwidth, weight, volume, environmental
and deflection requirements have lead to the development of new, high performance actuators which are
specifically tailored to these types of aircraft.*'" Figure 1 shows the first MAV which was enabled by
piezoelectric Flexspar flight control actuators now more than a decade ago.

Flexspar gtabilators :
Fig. 1 The Lutronix Kolibri, the World’s First VTOL MAV Enabled by Piezoelectric Flexspar Stabilators (1997)"

Although these actuators have been shown to work for many classes of aircraft, their performance could be
improved still further. Although previously unpublished, it is well known by those who work with many of these
classes of flight control actuators, that deadband, slop and power density are often challenging issues for the
design engineer to work around.

One of the most capable UAVs which has been developed to date is the XQ-138."" The XQ-138 is designed to
take-off and land vertically, hover like a helicopter, then pitch over and transition to airplane-mode flight for dash
out, cruise and loiter to speeds in excess of several hundred kts. Because this class of convertible UAVs is also
intended to operate in urban and forested environments in any type of weather, the demands on the flight control
assembly are extremely high. Accordingly, PBP/DEAS actuators have been shown to increase useful load and
performance with lighter weight, lower power consumption and higher bandwidth than conventional actuators.

Because nearly all actuator schemes which have employed piezoelectric actuators have been centered on
various arrangements that trade force for stroke while degrading the total work available, a new approach is
needed. In the late’90’s Lesieutre conceived a piezoelectric transformer which was designed with axially
compressed piezoelectric elements.'> The axial compression levels were close to the buckling load which
effectively nulled some of the loss generating mechanism inherent in most piezoelectric actuator designs.
References 12 and 13 showed that by doing this, the overall energy conversion efficiency of the entire system
could be made higher than the efficiency of the raw material itself. Accordingly, this paper lays out several years
of research which have been centered on improving and bringing this fundamental discovery to the aerospace
flight controls community.

Although the technical community has seen successful application of piezoelectric flight control actuators in
uninhabited aerial vehicles and micro aerial vehicles, few applications in air-to-ground weapon systems have
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surfaced. Because key technologies expanding the capabilities of piezoelectric actuator elements as air-to-ground
flight control devices have been methodically matured overseas, patented and subsequently imported to the US,
this document will be the first publicly presented work laying out the fundamentals of such advanced actuator
elements. This work represents a very high stage of maturity as evidenced by its bench, wind tunnel and flight
test record, level of patent protection and current licensing agreements in place and under negotiation. Similarly,
it is unfortunate that the conference organizers relegated this work to a silent synopsis, indicating the technical
community's lack of understanding of the importance of this branch of technology and its level of maturity.

2. ANALYTICAL MODELING

2.1 Generic Actuator Set-Up

To take advantage of the principles laid out in Ref. 12 and 13, a piezoelectric bender element is arranged in a
pin-pin configuration with an externally applied axial force which is close to the perfect column buckling load.
The axial force, F,, is applied so that as the piezoelectric moment is applied, a controlled “imperfection” induces
further, but controlled deformation. The overall goal of this Post-Buckled Precompressed (PBP) actuator
assembly is to simultaneously and controllably amplify both the force and deflection levels which can be
generated by solid state piezoelectric bender elements. The addition of various forms of compliant mechanisms
on either end of the actuator allow for a higher level of controllability, but generally retard the ultimate deflection
levels so the size, weight and complexity of such mechanisms are typically minimized. Because essentially any
level of deflection can be excited via the application of ever higher loads, great care is taken in the design as the
external face of the convex actuator element will suffer from various forms of tensile failure including depoling
and mechanical fracture if the bending levels are too high. Figure 2 shows the overall arrangement of the actuator
including the pin-pin supports, axial force and generic end extensions.

NO BENDING
/ ACTUATION LOW BENDING ACTUATION
E HIGH BENDING ACTUATION
A B c ACTIVE ELEMENTS
O 4 y
T T
x = A ="
(@) AXIAL FORCE, FA SUBSTRATE
'R
-
< e B
FA <
—_——
[
.

DEFLECTION, © (DEG)
Figure 2 Generic Arrangement of the Post-Buckled Precompressed (PBP) Actuator Arrangement

The static behavior of the unloaded PBP bender element is easily captured by using classical laminated plate
theory (CLPT) models. The bender is made from two primary components: a pair of piezoelectric actuator sheets
bonded to a structurally stiff substrate. As the piezoelectric sheets are commanded to alternatively expand and
contract, the bender element deflects up and down. An important aspect of the design involves the use of
coefficient of thermal expansion (CTE) mismatch which has been used for more than 20 years to precompress
tension-sensitive piezoceramic elements and pretension usually metallic isotropic substrates.”'® The static,
unloaded (F,= 0) behavior of the device can be modeled easily by the techniques described in Ref. 1 and 14.
Assuming an unloaded structure and using CLPT methods, the following holds. The applied forces and moments
may be balanced by stress distributions which are distributed through the thickness of the element:

H =J'caz M =J‘B‘Zdz o
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Actuator in-plane forces and moments (a) can be expressed as a balance with external forces and moments
(ex) and forces and moments due to mismatches in coefficients of thermal expansion (t). These factors will
generate in-plane laminate strains, € and curvatures, K.

oel.+ b, + b = 2 1 5] o

If the external forces and moments are ignored and thermally induced stresses are not considered, equation 2
can be reduced to:

5 ohies oliof

At this point, equation 3 can be easily solved for laminate curvature, K, by assuming that a balanced,
symmetric laminate composed of isotropic or quasi-isotropic elements are used:

B
Kk=—2A

Dy @)

3

By using the unloaded laminate curvature, k, as a starting point, the problem can now be defined in terms of
gross curvatures with externally applied axial force, F,, as follows:

¥
ﬁ ds \*'

a a
X dx l

L |

Figure 3 Analysis Terms and Conventions for Analysis of the PBP Actuator Arrangement

Figure 3 shows that the length along the surface of the element, s, and the length along the major axis of the
element, x, are related by the curvature induced in the actuator. The angular coordinate, & is maximized at the
ends of the element, 3, and goes to zero at the mid point.

One can consider the normal strain of any point in the PBP actuator at a distance y from the neutral axis
through its thickness as:

_yds_o

ds E 5)
If one examines the individual beam element and assumes pure bending, then the following holds:

_My

! (6)
Accordingly, combining equations 5 and 6 with CLPT conventions and terminology, equation 7 is obtained:
yds _My
ds Db (7

Because the externally applied moment loading in each section comes from the axial force, F,:

M=-F,y ®)
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Substituting equation 8 into 7 yields:

4o __Fay
ds Db 9)
Differentiating equation 9 with respect to s:
2
d_f Fagius
ds Db (10)

o : . 248/,
Multiplying through by the integrating factor ds:

= n
ds jg? Db ds (11)
Integrating equation 11 yields:

{déJ Fy —Cosd+a
Db

ds (12)

If one considers the addition of an applied moment via piezoelectric elements as generating an imperfection

. . . dé/ —
across the beam, then the unknown integrating factor, a, can be solved for, given that at x=0, 0=6, “Vus=K.

(déj Fa —£ (Coss—Coss, )+ K?
ds Db (13)

With appropriate trigonometric substitutions and considering the negative root because dd is always negative:
ds 2(s, /) 25/ \, K Zpb
" _—21/ \/Sn ( Sin (/)+

For solution, a change of variable is as follows:
. (5 .
Sm(/z): cSiné (15)
Where § is a variable with the value /2 when x = 0 and the value 0 when x = L/2. Accordingly, when x = 0:

o= Sm(‘s% j

(14)

(16)
Solving for ¢ and differentiating yields:
2Sin(5% )Cosf
do= d
5= 2Sin‘1(sm(5% jsmgj \/ 1—Sin2(§% jsm 2
a7
Combining equations 14 through 17 with appropriate end values:
\/7 \/7 Jl Sin(é‘% )Cos§
dg
Db Db
Sin (6/)C §+ \/1 Sin (5/)91}1 5}
(18)
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3. ACTUATOR DESIGN AND FABRICATION

3.1 Overall Design

Reference 15 lays out the fundamental operating characteristics and design of Post-Buckled Precompressed
(PBP) actuators along with Dynamic Elastic Axis Shifting (DEAS) structures. Figure 4 shows the basic structure
of a PBP/DEAS actuator element with both externally applied forces (50) and precompression straps (20). The
adaptive material core (10-40) provides an initial bending imperfection so as to initiate bending.

20A——— T— T

40

50B

Fig. 4 Post-Buckled Precompressed (PBP)/Dynamic Elastic Axis Shifting (DEAS) Actuator Element'

If one examines the individual components of the PBP/DEAS actuator, the role of each part becomes more clear
as seen in Fig. 5. Joining the active elements to the substrate are both structural and electrically conductive
materials (130). The substrate (10) typically supports some mechanics which can impart an axially
precompressive load such as the loading posts (30). These transmit axial forces to the actuator. There is also an
external strap (40) which can come off the concave face of the actuator during deflections. One of the most
important features of the PBP/DEAS actuator is the facing sheets (110). These facing sheets act to place the
convex actuator elements in compression during high deflection actuation. Because these elements normally
either catastrophically fail in tension or depole due to excessive in-plane stresses, the functionality of the facing
sheets is imperative. Their effectiveness is aided by spacers (100) and end resin plugs (80). Both of which help
transmit shear forces to the substrate.
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~100B

r110B

20B

Fig. 5 Exploded View of the PBP/DEAS Actuator Element's

Reference 15 includes many incarnations of the PBP/DEAS Actuator Assembly including body mounted missile
and munition configurations.

\  F ]
30—/
Fig. 6 Two Sample PBP/DEAS Actuator Integration Schemes from Ref. 15

One of the more advanced concepts of actuation is completely contained within a given flight control surface
or fin. If one designs an aerodynamic flight control surface for a typical gravity weapon, it should take a transonic
profile given contemporary drop conditions. With a transonic flight profile, the aerodynamic center location
varies from the quarter-chord to the half chord of the surface. A simple routine can be run to establish a minimum
moment location over typical deflections. Considering a low aspect ratio rounded diamond profile aerodynamic
profile, the main spar should be placed close to the 1/3 chord for aecrodynamic moment minimization. Figure 7
shows the PBP/DEAS fin with main spar properly placed. Because all of the actuator elements are contained
within the fin itself, it can be placed adjacent to warheads without penetrating hardened steel casings. Also
important is the placement of the canard set as to enable translate-to-turn end-game maneuver capability rather
than skid-to-turn maneuvers which induces high impact angularity, increasing skip probability. References 16
through 19 show several other applications and incarnations of PBP/DEAS actuators in aerospace systems.
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PBP/DEAS Actuator Elements

graphite-epoxy aerodynamic shell—

main spar

precompression
elastomeric bands

bearings

leading-edge counterbalance
Fig. 7 6" (15.2cm) Square Rounded Diamond, Transonic Profile PBP/DEAS Flight Control Surface Layout

3.2 PBP/DEAS Flight Control Surface Fabrication

The PBP/DEAS flight control surface was sized for a typical 2501b (113kg) small gravity weapon. Figure 8
shows the actuator core with main spar, bearings, precompression elastic bands and graphite-epoxy aerodynamic
shell. Designed to accept airloads through Mach 1.3 with a structural safety factor of 3 and fold capability, the
PBP/DEAS surface is ideally suited for flight control over conventional electromechanical actuators.

Fig. 8 PBP/DEAS Experimental Test Article Actuator Core and Assembly into Aeroshell

4. EXPERIMENTAL TESTING AND RESULTS

4.1 Quasi-Static Bench Testing

A series of bench tests were conducted to verify quasi-static and dynamic deflection characteristics with
varying input signals. Figure 9 shows the amount of rotational deflection as a function of axial pretention on the
elastomeric bands. Fig. 9 shows the amount of precompression in terms of gmf per unit of span. Testing was
conducted with a 1 Hz sinusoidal signal driving the fin open loop. From Fig. 9, it can be seen that the deflections
increase dramatically with both level of axial force and voltage which induces greater and greater levels of
imperfection. It should be noted that the fin maintains excellent blocked force resistance capability even at higher
rotational deflections. This is because the PBP effect effectively expands the total force-deflection envelope of
the entire actuator assembly. The bump stop boundary seen at the right of the figure at 7° is critical as it
represents the deflection level associated with onset of mechanical failure of the elements. Beyond 7° facing
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sheets kick in and further precompress the actuator core, thereby saving the actuator assembly from depoling

and/or mechanical failure.

600 -

Applied Voltage, V (1/2 peak-to-peak)

1003 120V

__—*

500 ~

400

300 +

200 ~

100 ~

Axial Force, Fa (gmf/cm)

. Elastic Band Line

bump-stop boundary

0
N2z
n 4

equatio

4.2 Wind Tunnel Testing

3 4

Fin Rotation, do (1/2 peak-to-peak) (deg)
Fig. 9 Correlation of PBP/DEAS Fin Deflection and Theory

A series of wind tunnel tests were conducted to ensure that no flutter or divergence tendencies were present
and that deflections remain steady with airspeed. Wind tunnel testing was conducted in the University of Kansas
3’ x4’ (91cm x 122cm) subsonic wind tunnel at speeds up to 120 ft/s (71kts, 82mph, 36.5m/s). Figure 10 shows
that the deflections are neither amplified nor degraded with increased airflow up through the test speeds. Because
the aerodynamic center, center of gravity and center of pressure are all close to the hinge line of the fin, coupling
pitch deflections and flutter tendencies are effectively nulled as seen in Fig. 10.

6 4

Static

120 ft/s

60 fl/sl

Fin Rotation, ¢ (1/2 peak-to-peak) (deg)

40 50 60 70
Applied Voltage, V (1/2peak-to-peak)

80 90 100 110 120

Fig. 10 PBP/DEAS Fin Performance in Wind Tunnel up to 120 ft/s (71kts, 36.5m/s)

To fully appreciate the utility of the PBP/DEAS actuator assembly, a side-by-side comparison of the
PBP/DEAS actuator fin and a conventional electromechanical servomechanism similar to those used in
conventional gravity weapons described above is laid out:

Table 1 Comparison of PBP and Conventional Electromechanical Pitch and Yaw Flight Control Actuator Systems

Conventional Servoactuaor PBP Actuator
max power 24W 1.3W
max current 5A 18mA
mass 108 g 73g
slop 1.6° 0.02°
break frequency 3Hz 21 Hz
part count 56 6
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CONCLUSIONS

It has been shown that a new class of adaptive transonic gravity weapon flight control mechanisms using
Post-Buckled Precompressed (PBP) Dynamic Elastic Axis Shifting (DEAS) actuators works well. Providing
deflection levels in excess of £7° at rates through 21 Hz and Mach 1.3, for less than 1.3W of peak power, the 6"
(15.2cm) rectangular transonic fin is ideally suited for many gravity weapon configurations. Additionally,
because of the low profile of the actuator assembly, it can be packed completely within the aeroshell thereby
negating the need for occupation of additional volume within wareheads or fuselages. It has been shown that
theoretical estimations of pitch deflections using laminated plate theory, kinematics and imperfection level
determination adequately captures the performance of the PBP/DEAS fin.
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