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Abstract. A new approach to helicopter flight control through active blade pitch 
manipulation is presented. By using piezoceramic directionally attached 
piezoelectric (DAP) torque plates mounted between the rotor shaft and the blade 
root, the pitch angle of the helicopter rotor blades may be adjusted as the blades 
sweep the azimuth. Analytical models based on classical laminated plate theory for 
steady torque-plate deflection are presented. To verify the models, a 1/12th-scale 
two-bladed experimental test article was constructed. The test article was Froude 
scaled with a 122 cm total diameter and a 5.5 cm chord. Static and dynamic 
testing showed that blade pitch deflections could be controlled from -4 through 
+12° with good correlation between theory and experiment. Dynamic testing 
demonstrated that the first natural frequency in pitch was greater than 2.5 rev- 1 

with a maximum power consumption of 194 mW under the most extreme 
conditions, thus making it feasible for control of collective, longitudinal and lateral 
cyclic. Whirl-stand testing at up to 600 RPM showed that the rotor could generate 
thrust coefficients ranging from -0.0046 through +0.014 with little sensitivity of 
blade deflection to increases in rotor speed. 

A ith direction actuator free strains (/-is train) 
Ii Poisson's ratio 
(J stress 

Nomenclature 

A extensional stiffness matrices (N m- I ) 

e blade pitch angle B coupling stiffness matrices (N)
 

D bending stiffness matrices (N m) Q angular speed
 

CT thrust coefficient
 
E3 through-thickness electric field (V mm- I )
 

SubscriptsE	 element stiffness (GPa) 
blade section inertia about Ie longitudinal 2 lateral 
the feathering axis a actuator b bond 

Kq effective spring constant eff effective L longitudinal 
about the feathering axis s substrate T transverse 

L length (m) 

m mass density CAP conventionally attached piezoelectric 

M applied moment vector (N m m-I) DAP directionally attached piezoelectric 

N applied force vector (N m- I ) HHC higher harmonic control 

OR orthotropy ratio = ELI ET lBC individual blade control 

p-p peak-to-peak (vaL) IDE interdigitated electrode 

t thickness (mm) PFC piezoelectric fiber composites 

DoT temperature change ( 0c) SSAR solid state adaptive rotor 

T thickness ratio = ts I ta 

x nondimensional radius 

z through-thickness dimension (m) 
1. Introduction 

(¥	 coefficient of thermal expansion (/-istrain "C- 1) 

coning angle The past 10 years have seen many studies on thef3 
€ laminate strain (/-islrain) fundamental characteristics, application principles and 

K laminate CUrvature (rad m-I) system designs of adaptive materials and structures. 
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Figure 1. A mass, volume, energy and efficiency comparison of flight control actuator systems over a simulat d 60 s flight of 
a FOG-M missile [1-3]. 

The applied forces and moments are given by However, the techniques of [7] may be used to capture most 
shear lag effects. 

Because precompression ha been shown to beN=!CTdz M = ! CTZ dz. (2) 
beneficial when it comes to increasing depoling and tensile 
failure strains, a rough model is needed Lo estimate the If some of the limiting conditions such as actuator 
amount of precompression. Too much prec0mpression will symmetry are applied, then an expression for the 
either yield the substrate in tension or induce a compressi cperformance of a torque plate composed of DAP elements at 
failure in the piczoceramic. By using the linear coef ci nt450 bonded to an isotropic substrate may be obtained. From 
of thermal expansions of the actuator and the substrate, [81, it can be seen that tbe twist deflections arc maximized 
the following relationship may be obtained, assuming nowhen the active clements are oriented at 45 0 and energized 

out of phase by 180'. 
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xternal forces and in-plane precompression strains only: 

(4) 

By examining equations (I) and (3), it is cl ar 
that externally applied forces and moments may play a 
significant role increasing or decreasing rotor deflections. 
One of these moments which directly retards blade pitch 
motions is the propeller moment. If one considers a typical 
helicopter rotor blade section at a finite pitch angle, e. 
then there exists a couple of chordwise forces which act 
about the feathering axis to pitch the rotor blade back to 
zerO pitch angle. Considering a rotor blade section with 
mass density m. rotating at an angular sp ed Q, at a finite 
coning angle /3 and nontlimensional radius x. then the blade 
pitch angle, e. may be delermined if one considers the 
blade section inertia about the feathering axis, lu, and the 
effective spring constant about the feathering axis, K q . 

R 
(3) l [loe - (rjj - x/8)x!"1 + l oQ2e - mQ2r /3x/] dr 

Equation (3) has been shown to be general!y accurate R 

to within 5% of any generic torque plate. Significant + KIJ(e - econ ) = i Mu dr. (5) 
deviations occur, however, when the aspect ratio of the 
DAP el ments approaches unity, or when large amounts Although this applied moment is detrimental to blade 
of longitudinal shear lag are present in the DAP clements. dcf~ections, it is easily countered by the addition of mass 
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Figure 3. The SSAR during static electrical check. 
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Figure 4. The nonrotaling, steady pitch angle range. 

ELlEr	 and the thickness ratio, T. 

(8) 

Clearly, when the orthotropy ratio, OR, and the 
orlhotropic strain ratio, 1\ I 11\2, go to unity, or the 
thickness ratio, T, goes to infinity, the laminate becomes 
inactive in twist. The first two conditions will occur if 
conventionally attached piezoelectric (CAP) elements are 
used. Considering the effective length of the DAP torque 
plate as Lef!' then the steady blade pitch angle follows: 

(9) 

CiaSSicaiiaminated 
plate theory (eq. 1 - 3) • 
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Figure 5. The nonrotating, dynamic pitch angle range. 

4. Rotor and actuator fabrication 

The dynamic characteristics of the Bing ITR rotor were 
scaled down by a factor of 12 using Froude scaling 
parameters. Figure 2 shows the arrangement of a 
0.254 mm thick aluminum substrate with O. I91 mm PZT
5H piezoceramic elements bonded on either side. The 
DAP elements were cut to 0.2 mm tolerances and exhibited 
an orthotropy ratio in excess of 18 after bonding to the 
substrate. The elements were fired, poled and mounted in a 
177°C cure using Scotchweld™ adhesive tape. The DAP 
clements were re-poled after mounting and allowed to age 
for 1 week. 

A 30% attachment area was masked by 25 /-Lm 

thick Teflon tape placed on the top and bottom of the 
piezoceramic elements. Brass strips were added to the outer 
surfaces to act as electrodes. On top of the brass leads, style 
number 120 fiberglass strips were added to protect the leads 
from fatigue and mechanical damage as seen in figure 3. 
Following hub assembly, a pair of 0.25 mm thick graphite
epoxy strips were added below the rotor hub, extending 
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