
AIAA JOURNAL

Vol. 38, No. 7, July 2000

Analysis and Testing of Mach-Scaled Rotor
with Trailing-Edge Flaps

Nikhil A. Koratkar¤ and Inderjit Chopra†

University of Maryland, College Park, Maryland 20742

Ongoing research is presented directed toward the development of a Mach-scaled rotor model with piezoelectric
bender-actuated trailing-edge � aps for individual blade control of helicopter vibration. First, an analytical model
is developed for the coupled actuator-� ap-rotor dynamicresponse in hover. Then, the analysis is validated by using
test data obtained by hover testing a 6-ft (1.82-m)-diam, Froude-scaled rotor with piezo-bender-actuated trailing-
edge � aps. The analyticmodel shows good correlation with experimental � ap de� ections and oscillatory hub loads.
For the Froude-scaled model � ap de� ections of §§ 4 to §§ 8 deg, for 1 to 5 /rev � ap excitation, were achieved at 900
rpm. This � ap activation resulted in a 10% variation in the steady rotor thrust level at 6 deg collective. Next, two
Mach-scaled rotor blades with piezo-bender actuation were designed and fabricated. The rotor was tested in the
vacuum chamber, and � ap de� ections of §§ 8 deg were achieved in vacuum at the Mach-scaled operating speed
of 2000 rpm. The analysis predicts that in hover � ap de� ections of §§ 5 deg can be achieved at 2000 rpm. Future
work will involve hover tests followed by forward � ight tests in the wind tunnel to con� rm these predictions and
demonstrate concept feasibility.

Nomenclature
A3 = coef� cients of indicial function
b3 = exponent of indicial function
Ca = actuator damping matrix
Cb = blade damping matrix
Ccoupling = coupling term in actuator damping matrix
CH = hinge moment coef� cient
C c

H = circulatory hinge moment coef� cient
C i

H = noncirculatoryhinge moment coef� cient
c = airfoil chord
D = distance of � ap c.g. from feathering axis
d = linkage arm length
Ea = Young’s modulus of actuator
Eb = Young’s modulus of shim
E I TOT = actuator cross-sectionalstiffness
e = � ap hinge location (semichords)
F = tip force acting on bender
Fb = blade load matrix
F4– F12 = geometric constants for � ap
H = unsteady aerodynamic hinge moment
h = total � ap hinge moment
hCF = centrifugal (propeller) hinge moment
h f = frictional hinge moment
h I = inertial hinge moment
I d = � ap mass moment of inertia about the hinge axis
Ka = actuator stiffness matrix
Kb = blade stiffness matrix
Kcoupling = coupling term in actuator stiffness matrix
K 1, K 2 = noncirculatoryde� ciency functions
L = unsteady lift perturbationmatrix caused

by trailing-edge � ap motion
M = unsteady pitching moment perturbationmatrix

caused by trailing-edge � ap motion
Ma = actuator mass matrix
Mb = blade mass matrix
Mcoupling = coupling term in actuator mass matrix
M� ap = trailing-edge � ap mass
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m = mass per unit length of actuator beam
N = ampli� cation ratio of ac bias circuit
n = time-step index
Qa = actuator load matrix
q = vector of degree of freedom for actuator beam
R = distance of � ap midpoint from axis of rotation
r1 = internal radius of � ap hinge tube
r2 = external radius of � ap hinge tube
S = reduced time
T = bender kinetic energy
TCF = tensile load in actuator beam caused by centrifugal

loads
TH = time constants for non-circulatoryIndicial response
u = degrees of freedom for blade
V = actuator strain energy
v = incident velocity at midpoint of � ap
w = actuator bending displacement
x = coordinate along actuator longitudinal axis
xcg = offset of � ap c.g. from hinge axis
x5, x6 = circulatory de� ciency functions
z = coordinate along actuator bending direction
b = Prandtl–Glauert correction factor
D H = aerodynamichinge moment perturbation caused

by blade motion terms
D I = inertial hinge moment perturbation caused

by blade motion terms
d = trailng-edge � ap de� ection
d W = virtual work done by tip force, F
e x x = strain distribution for actuator
k = induced strain
l = coef� cient of friction
r a

x x = stress in PZT
r b

x x = stress in shim
X = rotor speed

I. Introduction

H ELICOPTERS suffer from high vibrationand noise levels be-
cause of the unsteady aerodynamicenvironment in which the

blades operate, as well as the coupled structural mechanical system
comprised of the rotor, fuselage, transmission system, and engine.
The rotor � ow� eld is extremely complex and can include transonic
� ow on the advancingblade tip, dynamic stall on the retreatingside
of the disk, highly yawed and reversed � ows, and blade-wake inter-
actions with tip vortices from preceding blades. These effects give
rise to unsteady aerodynamic loads at harmonics of the rotational
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speed. Typically for a N -bladed rotor, the dominant N ¡ 1, N , and
N + 1/rev blade loads are transmitted to the fuselage as a N /rev
forcing.

Reduction in vibration and noise levels of the helicopter yields
bene� ts in improved passenger comfort, reduced crew fatigue, im-
proved community acceptance, and increased fatigue life of struc-
tural components. Currently, passive isolators and absorbers are
routinelyused to reducevibration.However, thesedevicescause sig-
ni� cant weight penalties and rapidly degrade in performance away
from the tuned � ight condition. In contrast to traditional passive
systems, active control systems are designed to cancel the vibratory
forcesat their source, i.e., the rotor.Higher harmoniccontrol (HHC)
systems that incorporate excitation of the swashplate at N /rev fre-
quency with servo actuators have been shown to reduce helicopter
vibration substantially.1 – 3 However, this type of system has a sig-
ni� cant weight penalty and is limited to N /rev excitation frequency
of the swashplate. The limitations of HHC have spurred research
in the direction of individual blade control (IBC) systems, which
can control the pitch of each blade independently and at any de-
sired frequency.4, 5 In this case hydraulic actuators are mounted in
conjunctionwith the pitch links in the rotatingframe. Primary draw-
backs of this system are the high actuation power required to pitch
the entire blade and the requirement for a hydraulicslip ring. There-
fore, therehasbeengrowinginterestin theapplicationof smartstruc-
tures technologyto rotor systems.6 , 7 Smart materials such as piezo-
ceramics and magnetostrictives are suitable for IBC applications
because they are compact, lightweight, provide a high bandwidth,
andpossesshighenergydensities.Bladeactivesystems(using smart
materials), such as rotors with trailing-edge � aps or controllable
twist rotors, offer the advantage of IBC, require lower actuation
power, and eliminate the need for a hydraulic slip ring. These on-
blade active systems open up a hitherto unavailable domain for vi-
bration control, aeromechanical stability augmentation, handling
qualities enhancement, stall alleviation, and acoustic suppression.

At the University of Maryland, there has been an ongoing re-
search activity8 – 11 to control vibration actively through the activa-
tion of a trailing-edge � ap using a piezoelectric bender. A number
of Froude-scaled rotor models were designed and tested in hover.
In earlier studies8– 10 the actuation system showed severe degrada-
tion in performance as the rotation speed approached the operating
speed (from §10 deg at 0 rpm to §1 deg at 900 rpm). The present
authors11 conducteda series of vacuum chamber tests on a Froude-
scaledmodel to determinethe causes for the dramaticdegradationin
actuator performance at higher rotational speeds. The reduced per-
formance was caused by imperfect clamping of the piezo-bender.
Therefore, the bender clamping mechanism was improved to pre-
vent slippage of the actuator under high centrifugal loads. Subse-
quently, � ap de� ections of §6 deg at 4/rev were achieved in hover
at the Froude-scaledoperating speed of 900 rpm. In a parallel study
Spangler and Hall12 and Prechtl and Hall13 at the Massachusetts
Instituteof Technologyhave designedand tested a nonrotatingtwo-
dimensionalwing model with a piezo-bender-actuatedtrailing-edge
� ap. A � exure mechanism was designed to provide mechanical am-
pli� cation with minimal frictional losses, and the bender was ta-
pered to improve structural ef� ciency. At NASA Ames Research
Center Fulton and Ormiston14 have conducted wind-tunnel tests on
a Froude-scaled rotor model with piezo-benderactuation.The tests
successfullydemonstratedthe effectivenessof on-bladeelevoncon-
trols for signi� cantly reducingor cancelingindividual3, 4, and 5/rev
harmonic blade vibratory � ap bending moments.

Various alternatives to piezoelectric bender actuation have also
emerged. Chen and Chopra15 developed a Froude-scaled control-
lable twist rotor by incorporatingembedded speciallyshaped piezo-
electric elements. Wind-tunnel tests demonstrated that the con-
cept shows promise for partial vibration reduction. Bernhard and
Chopra16 has developed a piezo-induced bending-torsion coupled
composite beam for actuating a moving blade tip. Tip de� ections
of §2 deg were achieved at the Froude-scaled operating speed of
900 rpm. This actuation scheme is currently being upgraded for
a Mach-scale rotor. Lee and Chopra17 has developed an actua-
tion mechanism for driving a full-scale trailing-edge � ap using a
piezo-stackdevice in conjunctionwith a double-leverampli� cation
arrangement.

A review of the state of the art shows that Froude-scaled models
havebeen extensivelyused by researchersto investigatethe feasibil-
ity of smart actuation systems. Froude-scaled models are easier to
design and fabricate than Mach-scaled models. However, it is well
establishedthat for vibrationand acousticstudiesMach-scaledrotor
models are more appropriateto simulate full-scale� ight conditions.
Thus, it becomes appropriate to carry out the feasibility study of a
smart rotorat Machscale.Also, availableanalyticstudiesof trailing-
edge � aps18, 19 neglect the actuator dynamics and hence prescribe
the trailing-edge� ap motion.For a smart rotor system the actuator is
coupled to the rotor response via aerodynamicand inertial coupling
terms. Hence, it becomes necessary to integrate the actuator model
into a comprehensive rotor analysis. This paper will address both
issues: testingof a Mach-scaledmodel and formulationof a coupled
analysis. An analytic model is developed for the coupled actuator-
� ap-rotor system in hover. The rotor blades are modeled as elastic
beams undergoingcoupled � ap bending and elastic torsion.The ac-
tuator is modeled as a Bernoulli–Euler beam undergoing transverse
bending deformation. The equations of motion of the actuator and
rotor are coupledvia aerodynamicand inertial terms. These coupled
sets of equations are solved using a � nite element method in space
and time. The analytic model developed in this paper is validated
using hover test data obtained from a previous study11 with Froude-
scaled rotor blades.The analysis shows good correlationwith hover
test data. Next, two Mach-scaled blades with piezoelectric bender
actuation are designed and fabricated. The Mach-scaled blades are
tested in the vacuum chamber to study the effect of centrifugal, in-
ertial, and frictional loads on actuator performance. A microthrust
ball bearing is incorporated at the blade-� ap interface to minimize
frictionallossesassociatedwith the hingeampli� cationmechanism.
Flap de� ections of §8 deg are obtained at 2000 rpm, demonstrat-
ing the effectiveness of the actuation mechanism. Further tests are
being conducted on this rotor using a Bell-412 Mach-scaled hub to
evaluate the actuator performance in hover.

II. Actuation Mechanism
The bender used in this study consistsof PZT-5H (lead-zirconate-

titanate) piezoceramic sheets20 that are bonded to a very thin brass
shim with an electrically conductive adhesive coating (Fig. 1). The
bender is cantilevered and equal, but opposite � elds are applied to
the PZT sheets on opposite sides of the shim. Therefore, if the PZT
sheetson one side of the shim are in extension,the PZT sheetson the
otherside of the shim will contractand vice versa.This causesa pure
bending of the actuator, and the resulting tip displacementprovides
the actuation mechanism for the � ap. The tip displacement of the
bender is small (10–20 mils) and is ampli� ed using a mechanical
leverage mechanism (Fig. 2). To adapt the bender with the linkage
used for connection to the � ap, a rod was molded onto the bender
tip using s-glass cloth. This rod � ts inside a tiny machined cusp.
The cusp is an integral part of the � ap. As the bender moves up

Fig. 1 Four-layered piezoelectric bender.

Fig. 2 Mechanical leverage mechanism.
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Fig. 3 Actuator-� ap assembly.

and down, the molded tip moves slightly in and out of the cusp and
rotates the � ap. In the present design the distance between the � ap
hingeand bender-cuspcontactpoint acts as the effectivelinkagearm
length. Figure 3 shows a three-dimensional sketch of the actuator-
� ap assembly.

A. Advantages
This actuationschemeoffers some distinct advantagesand attrac-

tive features:
1) The actuator assembly is compact, allowing for multiple � aps

to be located at strategic points along the blade resulting in an opti-
mal distribution of actuation force.

2) The actuator has a very high mechanical ef� ciency.13 This is
becausethe shim is highly� exible,and hencealmost the entire strain
energystored in the PZT is directlyused to do usefulwork in de� ect-
ing the � ap. Also frame compliance losses are negligible because
a piezo-bender is a self-reacting actuator. A bench top test showed
that an eight-layered tapered bender has a mechanical ef� ciency of
85%.

3) The weight penalty is moderate. For a Mach-scaled model the
addition of the actuator-� ap assembly and leading-edgeweights for
mass balancing results in a 17% increase in rotor-blade mass. For
full-scaleapplicationsa 17% increasein rotor-blademass equates to
a 0.6% increasein gross takeoffweight for the SikorskyS-76A heli-
copter, which is much lower than the 2% weight penalty associated
with current passive vibration reduction equipment.

4) The piezoelectricbender requires low voltages (<400 V). This
reduces the complexity and weight of the slip ring and associated
� xtures.

5) The rod-cusp stroke ampli� cation mechanism consisting of a
single rigid lever arm is simple and can be easily implemented at
full scale.

6) The linkagearm lengthcan be adjustedto match the impedance
of the actuator with the external aerodynamic spring, resulting in
maximum energy ef� ciency.13

7) This actuation scheme involves a discrete actuator and does
not include embedded or surface bonded components. Therefore
inspection and repair can be easily carried out, leading to a robust
and reliable operation.

B. Disadvantages
The actuator has two principal drawbacks:
1) The output force levels are moderate.
2) Because the actuator is mounted in the chordwise direction,

mass balancing is required.

III. Analysis
The analytic model for the coupled actuator-� ap-rotor system is

developed in four stages. First, a time-domain, unsteady, aerody-
namic model for a � apped airfoil in compressible, subsonic � ow
is implemented to estimate the unsteady airloads caused by � ap
motion. Then, a � nite element model is developed to estimate the
actuator-beambending response caused by PZT excitation.The ef-
fects of centrifugalstiffeningand piezo-inducedstrain are taken into
account while formulating the actuator strain energy. The trailing-
edge � ap hinge moment is included in the actuator load matrix.
Next, the rotor blades are modeled as elastic beams undergoing

coupled � ap bending and elastic torsion deformations. Finally, the
rotor responseequationsare coupledto theactuatorvia aerodynamic
and inertial coupling matrices. These coupled sets of equations are
solved using � nite element methods in space and time.

A. Aerodynamic Model
The analysisuses the time-domain,unsteady,aerodynamicmodel

of Hariharan and Leishman.21 This model features an indicial ap-
proach for both circulatory and noncirculatory loads caused by air-
foil and � ap motion. The exact indicial responses at small values of
time, caused by impulsive � ap motion and � ap-rate perturbations,
were obtained from linear, unsteady, subsonic theory in conjunction
with aerodynamic reverse � ow theorems. These results were then
used to obtain complete asymptotic exponential approximations to
the indicial responses resulting from impulsive � ap de� ection and
� ap rates. Using these indicial response functions, the unsteady air-
loadsare calculatedin thetime domainas a set of recursivelyupdated
de� ciency functions applied to the quasisteady aerodynamic loads.
A brief description of the recursive formulation is provided next.

For arbitrary � ap de� ections the hinge moment coef� cient is ex-
pressed as

CH (S) = C c
H (S) + C i

H (S) (1)

The circulatory hinge moment coef� cient is

C c
H (S) = ¡

F5 ¡ F4F10 + F12F10

2p b
d eff(S) (2)

where

d eff(S) = d n ¡ Xn
5 (3)

X5 is the de� ciency function associated with the circulatory hinge
moment and is calculated using a one-step recursive formula

X n
5 = X n ¡ 1

5 exp
¡
¡ b3 b 2 D S

¢
+ A3 D d (4)

The noncirculatoryhinge moment coef� cient is

C i
H (S) = ¡

(1 ¡ e)2

2M
TH d

¡
K 1n

H d ¡ K 2n
H d

¢
(5)

where K 1H d and K 2H d are noncirculatoryde� ciency functions ex-
pressed as follows:

K 1n
H d =

D d

D S
(6)

K 2n
H d = K 2n ¡ 1

H d exp( ¡ D S / TH d ) +
¡
K 1n

H d ¡ K 1n ¡ 1
H d

¢
(7)

Similarly, for an arbitrary � ap-rate motion the unsteady hinge mo-
ment coef� cient is expressed as

CH (S) = C c
H (S) + C i

H (S) (8)

The circulatory hinge moment coef� cient is

C c
H (S) = ¡

F11(F12 ¡ F4)

4 p b

³
Çd c

v

´

eff

(S) (9)

where

( Çd c/ v)eff(S) = ( Çd c/ v)n ¡ X n
6 (10)

X6 is the de� ciency function associated with the circulatory hinge
moment and is calculated using a one-step recursive formula

X n
6 = X n ¡ 1

6 exp
¡
¡ b3 b

2 D S
¢

+ A3 D ( Çd c/ v) (11)

The noncirculatory hinge moment coef� cient is expressed as fol-
lows:

C i
H (S) = ¡

(1 ¡ e)3

6M
TH Çd

¡
K 1n

H Çd ¡ K 2n
H Çd

¢
(12)

The noncirculatoryde� ciency functions are expressed as follows:

K 1n
H Çd =

D ( Çd c /v)
D S

(13)

K 2n
H Çd = K 2n ¡ 1

H Çd
exp( ¡ D S / TH Çd ) +

¡
K 1n

H Çd ¡ K 1n ¡ 1
H Çd

¢
(14)
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Fig. 4 Centrifugal loading on actuator.

Equations (1–14) are used to estimate the unsteady hinge moment
caused by � ap motion. Similar expressions are available21 for the
unsteady airfoil lift and pitching moment caused by arbitrary � ap
de� ection and � ap-rate inputs.

B. Actuator Model
The linkage arm connecting the actuator and the � ap enforces a

geometric compatibilitybetween the actuator tip displacement w tip

and � ap de� ection d . Similarly, the � ap hinge moment h is directly
translated into a concentratedforce F acting on the bender tip. This
means

d = w tip /d , F = h / d (15)

The total � aphingemoment h is composedof the aerodynamic,iner-
tial, centrifugal (propeller), and frictional components. The kinetic
energy of the bender is given by

T =
1

2

Z L

0

m( Çw)2 dx (16)

The centrifugal force acting on the bender in the rotating environ-
ment causes a tensile load TCF in the actuator beam (Fig. 4). This
tensile force results in centrifugal stiffening of the actuator beam
and is expressed as

TCF(x) =
Z L

0

D m X 2x (17)

where D m is the elementalmassof actuatorbeam, x is thechordwise
offset of D m from the axis of rotation,and L is the chordwise length
of the bender. By adjusting the polarity of the applied electric � eld,
the PZT sheets on the upper and lower surfacesof the brass shim are
strainedin oppositedirections,resultingin a piezo-inducedbending.
The presentanalysisassumesthat thebenderbehavesas a Bernoulli–
Euler beam. The strain distribution caused by bending e x x is linear
through the entire cross section and is given by

e x x (z) = z
@2w

@x2
(18)

The stress in the shim r b
x x is

r b
x x (z) = Eb e x x (z) (19)

The stress in the PZT layers r a
x x includes the induced strain term K ,

which resembles a thermal strain

r a
x x (z) = Ea [e x x (z) ¡ K ] (20)

The actuator strain energy V includes the induced strain term K as
well as the centrifugal stiffening term TCF:

V =
1

2

Z Z

shim

Z
Eb(zw 0 0 )2 dx dy dz

+
1

2

Z Z

PZT

Z
Ea(zw 0 0 ¡ k )2 dx dy dz +

1

2

Z L

0

TCF(x)(w 0 )2 dx

=
1

2

Z L

0

E I TOT(w 0 0 )2 dx ¡
1

2

Z L

0

TCF(x)(w 0 )2 dx

¡
Z L

0

M k w 0 0 dx +
1

2
Ea k 2

Z L

0

dx dy dz (21)

Fig. 5 Contributions to the trailing-edge � ap hinge moment.

where the resulting bending stiffness, induced moment, and cen-
trifugal loading are de� ned as

E I TOT =
Z Z

shim

Eb(z)2 dy dz +
Z Z

PZT

Ea (z)2 dy dz

M K =
Z Z

PZT

Ea K z dy dz, TCF(x) =
m X 2(L2 ¡ x2)

2

The � ap hinge moment h results in a tip force F on the bender
[Eq. (15)]. The virtual work done by the tip force F is expressed as

d W = F d w tip (22)

The expressions for the kinetic energy, potential energy, and work
done are substitutedinto the Lagrange equations to obtain the equa-
tions of motion for the actuator beam. Spatial discretization of the
Lagrange equations results in a set of � nite element equations:

[Ma ]q̈ + [Ka ]q = Qa + H (q , Çq) (23)

where Qa is the generalized force resulting from the piezoelectric
forcing M K and the centrifugal, inertial, and frictional components
of the � ap hinge moment h. H is the generalized force related to
the unsteady, aerodynamic hinge moment, which is a function of
the � ap de� ection and velocity (Sec. III.A). Earlier experiments11

showed that the primary source of damping in the system is the
friction in the pins and linkages that rotate as the bender tip actuates
the � ap. To predict correctly the frequency response of the bender-
� ap system, this damping must be accounted for. An experiment
was conducted to determine the damping ratio for the system. The
actuator-� ap assembly was excited at its resonant frequency, and
the input voltage excitation was abruptly cut. Transient data were
acquired using the real-time data acquisition and analysis package
LabVIEW.22 Using a moving-blockmethod,23 the damping ratio of
the � rst mode was estimated as 0.2. Based on this value, a modal
damping matrix [Ca ] was added:

[Ma]q̈ + [Ca ] Çq + [Ka ]q = Qa + H (q, Çq) (24)

Equation (24) represents the dynamic response of the bender. The
piezoelectric forcing and trailing-edge � ap centrifugal, frictional,
and inertial hinge moments are introduced in the load vector Qa ,
while H representsthe unsteadyaerodynamichingemoment caused
by � ap de� ection and velocity. The aerodynamic hinge moment is
calculated using the procedure outlined in Sec. III.A. The inertial
hinge moment h I is related to the � ap mass moment of inertia about
the hinge axis (Fig. 5), whereas the propeller hinge moment hCF is
governedby the componentof the � ap centrifugal loadingalong the
chordwise direction (Fig. 5). Assuming that the trailing-edge � ap
de� ections are small, the inertial moment h I and propeller moment
hCF can be expressed as

h I = I d
¨d (25)

hCF = M� ap X 2 Dxcg d ¢ ¢ ¢ (sin d = d ) (26)

The frictional moment is related to the radial component of the � ap
centrifugal loading, which pushes the � ap in the radial direction,
causing the � ap hinge tube to rub against the blade hinge tube sur-
face.This creates a frictionalhingemoment h f that opposes the � ap
rotation:

h f =
Z r2

r1

l

"
M� ap X

2 R

p
¡
r 2

2 ¡ r 2
1

¢

#

2 p r 2 dr (27)
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The frictional hinge moment can be minimized by using a thrust
bearing,which is inserted at the junctionbetween the blade and � ap
hinge tubes. For a well-designed thrust bearing the coef� cient of
friction l can be as low as 0.05.

C. Elastic Rotor Model
The rotor blades are modeled as elastic beams undergoing cou-

pled � ap bendingand elastic torsion deformations.The formulation
covers chordwiseoffsets of blade c.g. and aerodynamiccenter from
the elastic axis. The equations of motion for the rotor response are
derived using the Lagrange equations. Spatial discretization of the
Lagrange equations results in a set of � nite element equations:

[Mb]ü + [Cb] Çu + [Kb]u = [Fb] (28)

where Fb is the global load vector and u is the blade nodal dis-
placement vector. A � nite element with seven degrees of freedom
is used. These degrees of freedom correspond to a cubic variation
in bending de� ection and a quadratic variation in elastic twist. The
aerodynamic loads for the rotor blades are obtained using quasi-
steady aerodynamics with linear in� ow assumption.

D. Actuator-Rotor Coupling
The actuatorresponse [Eq. (24)] and rotor response [Eq. (28)] are

coupled via aerodynamic and inertial terms.

1. Aerodynamic Coupling
The actuator tip displacement causes the trailing-edge � ap to

de� ect [Eq. (15)]. The trailing-edge � ap de� ection and velocity
result in an unsteady lift and pitching moment (Sec. III.A) that will
augment the rotor force matrix Fb . Therefore the rotor-response
equation is modi� ed as follows:

[Mb]ü + [Cb] Çu + [Kb]u = [Fb] + [L(q , Çq)] + [M(q, Çq)] (29)

The rotor elastic twist and � apwise bendingvelocitywill result in an
effectiveangleof attackat the trailing-edge� ap.Also, the rotor twist
velocity and bending acceleration will result in an angle-of-attack
velocity term. Similarly, the rotor twist acceleration term will result
in an angle-of-attack acceleration at the trailing-edge � ap. These
angle-of-attackperturbationswill generate new aerodynamic hinge
moments, which can be assumed to be quasi-steady.21 Therefore
Eq. (24) is modi� ed as follows:

[Ma]q̈ + [Ca ] Çq + [Ka ]q = Qa + H (q , Çq) + D H (u, Çu, ü) (30)

2. Inertial Coupling
The total mass of the actuation system and leading-edgeweights

for mass balancing are approximately 17% of rotor-blade mass.
This change in mass distribution of the baseline blade will affect
the rotor dynamics. The mass per unit length of the spatial element
that contains the actuator is increased to account for the actuation
system.Also the bladebendingand twistingaccelerationswill result
in inertial loads on the actuator-�ap assembly (Fig. 6). Therefore,
Eq. (30) is further modi� ed as

[Ma ]q̈ + [Ca ] Çq + [Ka]q = Qa + H (q , Çq) + D H (u, Çu, ü) + D I (ü)

(31)

where D I is the inertial term related to the blade bending and twist-
ing acceleration.

3. System Response Solution
The coupled equations of motion for the actuator [Eq. (31)] and

the rotor [Eq. (29)] are used to calculate the system response:
³

Ma Mcoupling

0 Mb

´»
q̈

ü

¼
+

³
Ca Ccoupling

0 Cb

´»
Çq

Çu

¼
+

³
Ka Kcoupling

0 Kb

´»
q

u

¼

=
»

Qa + H (q, Çq)

Fb + L(q, Çq) + M (q , Çq)

¼
(32)

Fig. 6 Blade-motion-induced inertial loads on actuator-� ap assembly.

The matrices Mcoupling , Ccoupling , and Kcoupling are obtained by trans-
fering the inertial coupling terms D I and the quasi-steadyaerody-
namic coupling terms D H from the right-hand side to the left-hand
side of the equations.These matrices capture the feedback of blade
motiononactuatorresponse.The matrices L and M are related to the
unsteady lift and pitchingmoment becauseof � ap de� ection and ve-
locity (Sec. III.A). These terms represent the actuator aerodynamic
coupling in the blade equations of motion.

To reduce computationaltime, Eq. (32) is � rst transformed into a
set of normal mode equations. Typically, the � rst four blade elastic
� apwisebendingmodes the � rst two bladeelastictorsionmodes,and
the � rst four actuator bending modes are used for modal reduction.
The periodicequationsof motionare solvedusingthe � nite element-
in-time method with eight equally sized time elements and � fth-
order Lagrange polynomials as time basis functions. The temporal
elements for a single rotor revolutionare assembled so as to enforce
the periodicity condition.

An iterative loop is set up for the convergence of the unsteady
aerodynamic airloads associated with the H , L, and M matrices.
For the � rst iteration the lift, pitching moment, and hinge moment
de� ciency functions (see Sec. III.A) are initialized to zero. Inte-
gration of the � nite element-in-time matrices proceeds element by
element at successively increasing values of azimuth, and the de� -
ciencyfunctionsareupdatedbasedon theone-steprecursiveformula
describedin Sec. III.A. The � nal valuesof the lift, pitchingmoment,
and hinge moment de� ciency functions, following integrationof all
of the time elemental matrices, are used as the starting values in the
next iteration.A simple convergencecriterion is applied, based on a
comparisonof the initialand � nal valuesof the de� ciencyfunctions.
After aerodynamicconvergenceis complete, the rotor hub loads are
calculated using a force summation method.

IV. Typical Results and Validation
The results presented in this section are obtained for the baseline

rotor tested in Ref. 11. For all of the plots presented in this section,
the rotor blades are operated in a hoveringconditionat 900 rpm and
at a collectivepitch of 6 deg. The actuator is a 1-in. (2.54-cm)-long,
four-layeredpiezo-benderexcited at 95 V rms sinusoidal input.The
trailing-edge� ap has a 5% span and is located close to the blade tip
at 95% of rotor radius. The trailing-edge � ap employed in Ref. 11
is not mass balanced. The � ap weighs 3.75 g, and its c.g. is located
0.2 in. (0.508 cm) behind the � ap hinge axis.

Figures 7 and 8 show the in� uence of couplingwith blade motion
on actuator performance. Figure 7 indicates that the aerodynamic
coupling caused by blade motion increases the amplitude of the ac-
tuatormotion at 5/rev by 7.4%. Figure 8 shows that inertialcoupling
causedby blademotion at 3/rev does not affect the actuatorresponse
for a mass balanced � ap. This is intuitivelyobvious because the ac-
tuator frequenciesare much higher than the rotor-bladefrequencies.
However for the unbalanced � ap used in Ref. 11, the inertial loads
acting on the � ap cause an 11.5% increase in the actuatorde� ection
(Fig. 8). Figures 7 and 8 demonstrate that blade-motion coupling
will affect the actuator response, and this effect should be included
in smart rotor analyses. Figure 9 shows the time traces for vertical
shear at the blade root for 1–5/rev trailing-edge� ap excitations.For
1/rev, 2/rev, and 4/rev bender excitation, the amplitudes of oscilla-
tory vertical shear are approximately equal [§0.35 lb (1.556 N)].
This is because these harmonics are not close to any of the rotor-
blade natural frequencies. However the � ap effectiveness increases
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Fig. 7 Effect of aerodynamic coupling with blade motion on actua-
tor performance at 5/rev excitation: bender excited at 95 V rms, rotor
speed = 900 rpm, and collective pitch = 60 deg.

Fig. 8 Effect of inertial coupling with blade motion on actuator per-
formance at 3/rev excitation: bender excited at 95 V rms, rotor speed =
900 rpm, and collective pitch = 6 deg.

Fig. 9 Vertical shear at root of active blade caused by � ap excitation:
bender excited at 95 V rms, rotor speed = 900rpm, and collective pitch =
6 deg.

Fig. 10 Rotor blade tip twist caused by traling-edge � ap excitation:
bender excited at 95 V rms, rotor speed = 900rpm, and collective pitch =
6 deg.

Fig. 11 Comparison of a hypothetical lift � ap and moment � ap with
the true response for a 1/rev bender excitation: bender excited at 95 V
rms, rotor speed = 900 rpm, and collective pitch = 6 deg.

at 3/rev [§0.8 lb (3.55 N)] and 5/rev [§0.5 lb (2.22 N)] because of
their proximity to the rotor second� apwise bendingand � rst torsion
frequencies,respectively.Figure10 presentsthe rotor-bladetip twist
deformationswith 1–5/rev � ap excitations.The torsional frequency
of the rotor11 is 5.4/rev. Hence, the oscillatory tip twist shows an
increasing trend with frequency of excitation. The oscillatory tip
twist amplitude increases from §0.11 deg (1/rev � ap excitation) to
§0.45 deg (5/rev � ap excitation).

Frequently, plain trailing-edge � aps that are integrated into the
bladepro� le are characterizedas lift � aps, analogousto the ailerons
of a � xed-wing aircraft. For a lift � ap the unsteady lift for rotor con-
trol is generated by the trailing-edge� ap de� ection. Moment � aps,
on the other hand, generate large aerodynamic pitching moments
caused by relatively large offsets between the � ap and the blade
elastic axis. Typically the blades are designed as torsionally soft,
resulting in torsional elastic deformations. For a moment � ap it is
this torsional response that provides the cyclic aerodynamic lift for
rotor control. The present analysis, however, indicates that even a
plain trailing-edge � ap that is completely integrated into the blade
pro� le generates signi� cant blade torsional deformation (Fig. 10).
Figure 11 compares the active blade vertical shear caused by 1/rev
bender excitation for the actual trailing-edge � ap and a hypotheti-
cal pure-lift and pure-moment � ap. For the pure-lift � ap the anal-
ysis neglects the aerodynamic pitching moment generated by the
� ap. For the pure-moment � ap the analysis neglects the unsteady
lift generated by the trailing-edge � ap. Figure 11 shows that the
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vertical shear response generated by the moment � ap and the lift
� ap are approximately 180 deg out of phase. Therefore for a 1/rev
excitation the aerodynamic lift resulting from the blade torsional
response attenuates the aerodynamiclift resulting from the trailing-
edge � ap de� ection. Thus, the resulting response that includes both
effects is much smaller than either one of these components. Fig-
ures 10 and 11 demonstrate that the trailing-edge � ap cannot be
characterized as a pure-lift or pure-moment device. The true re-
sponse is a superposition of these two effects and will depend on
the frequency of excitation and trailing-edge � ap spanwise loca-
tion.

A. Validation Study: Froude-Scaled Hover Testing
In Ref. 11 a two-bladed,6-ft (1.82-m)-diam Froude-scaled,bear-

ingless rotor model with piezoelectric bender actuation was tested
on the hover stand (Fig. 12). The Froude-scaled model uses a sin-
gle, four-layered bender to actuate a 5% span � ap located near the
tip, at 95% of rotor radius. The actuator cantilevered length is 1 in.
(2.54 cm), and the linkagearm length is 54 mils. Figure13 shows the
Froude-scaled blades and the actuator-� ap assembly. The details of
actuator design and rotor-blade fabricationare available in Ref. 11.

The rotor hub used for these tests is a bearinglessdesign based on
the NASA/Boeing Integrated Technology Rotor program.24 Blade
� apping is achieved via a single � exbeam of varying (tapered) rect-
angular cross section.Pitch control is achieved through the rotation
of a torsionally stiff torque tube (cuff), which is connected to the
tip of the � exbeam. A detailed bearingless rotor analysis is beyond
the scope of this paper. Therefore, a simpli� ed approach was used
to model the � exbeam and cuff. An averaged bending stifness and
mass per unit length for the � exbeam was determined experimen-
tally. Similarly, an effective torsional stiffness and pitch inertia for
the torque tube (cuff) were also determined experimentally. The
� exbeam and cuff combination was modeled using a single spa-
tial element. The assumption was made that the � exbeam torsional
stiffness is negligible compared to the cuff. The experimentally de-
termined averaged values were then used to develop the elemental

Fig. 12 Hover stand test facility.

Fig. 13 Froude-scaled blade. (Four-layered piezo-bender is used to actuate a 5% span � ap located at 95% of rotor radius.)

properties for the spatial element that representedthe � exbeam-cuff
combination. This approach gave good correlation with rotor fre-
quencies and appears to be adequate for capturing the blade global
response characteristics.

The rotor rpm is controlledby a variable-speed,water-cooled,dc
motor rated for 2.5 hp at 1500 rpm. A belt and pulley arrangement
connects the motor to the rotor shaft (Fig. 13). A Hall-effect sensor
was used to measure the � ap de� ection in the rotating environment.
The oscillatory hub loads were measured using a four-component
rotating frame balance. A 60-channel slip ring was used for data
transfer between the rotating and the � xed frames. The test data
generated from these tests are used to validate the present analysis.

1. Trailing-Edge Flap-De�ection Measurement
RPM sweep at 15 Hz. For this test the rotor speed was steadily

increased to the Froude-scaledoperating speed of 900 rpm, and the
bender was excited at 95 V rms and 15 Hz (1/rev). The blade col-
lective pitch was held constant at 0 deg. Figure 14 shows the � ap
de� ection at different rotation speeds. Flap de� ections of §4 deg
were achieved at 900 rpm. There is good correlation between the
analytic predictions and the experimental data. The nearly 60% re-
ductionin actuatorperformanceobserved in Fig. 14 is causedby the
aerodynamic,centrifugal,inertial,and frictionalhingemomentsdis-
cussed in Sec. III.B. These loads directly oppose the piezo-induced
bending of the actuator beam.

Frequency sweep at 900 rpm. To establish the in� uence of the
frequency of activation on the bender performance, a frequency
sweep was conducted at the Froude-scaled operating speed of
900 rpm. The bender was excited at 95 V rms, and the blade col-
lective pitch was set at 0 deg. The analysis shows good correlation
with test data (Fig. 15). The bender natural frequency is correctly

Fig. 14 RPM sweep (hover test with bender excited at 95 V rms and
15 Hz).
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Fig. 15 Frequency sweep (hover test at 900rpm, bender excited at 95 V
rms).

Fig. 16 Oscillatory rotor thrust caused by � ap actuation at 3, 4, and
5/rev (hover test at 900 rpm and 6 deg collective, bender excited at 95 V
rms).

predicted by the analysis. Flap de� ections of §4 to §8 deg are
achieved in the 1–5/rev frequency range.

2. Hub Loads Measurement
For these results the bender was excited at 95 V rms, and the rotor

speed was held constant at 900 rpm. The rotor collective was set at
6 deg. The rotor thrust, � apping moment, and torquewere measured
using a rotating frame balance. The strain gauge signals from the
rotating frame balance were ampli� ed and � ltered using a signal
conditioner and analyzed using a LabVIEW22 system. The ampli-
tude of the oscillatory rotor thrust, � apping moment, and torque at
the frequency of interest were determined by taking a fast Fourier
transform of the time domain signals.

Oscillatory rotor thrust. Figure 16 compares the measured os-
cillatory rotor thrust with calculated values. The analysis predicts
higheroscillatoryrotor thrustat 3/rev and 5/rev as comparedto 4/rev
because of coupling with blade modes (3/rev is close to the rotor
second � ap-wise bending frequency and 5/rev is close to the rotor
� rst torsion frequency). The analysis shows good correlation with
test data at 4/rev and 5/rev. At 3/rev the analytic model overpredicts
the oscillatoryrotor thrust. The steady rotor thrust per blade at 6 deg
collective is 6 lb (26.68 N). A §0.6 lb of oscillatory thrust (Fig. 16)
equates to 10% of steady thrust, thus demonstrating the feasibility
of the actuation concept at Froude scale.

Table 1 Rotor-blade and trailing-edge
� ap parameters for Mach-scaled model

Parameter Dimension

Rotor radius, R 3 ft (0.914 m)
Airfoil section NACA0012
Airfoil chord 3 in. (7.62 cm)
Operating speed 2050 rpm
Tip speed 675 ft/s (205.74 m/s)
Flap span 1.75 in. (4.44 cm)
Flap chord 0.6 in. (1.52 cm)
Radial location of 0.75R

trailing-edge � ap
Blade twist 0 deg

Fig. 17 Oscillatory � apping moment for 3, 4, and 5/rev � ap activation
(hover test at 900 rpm and 6 deg collective, bender excited at 95 V rms).

Oscillatory blade � apping moment. Figure 17 compares the
measured oscillatory blade � apping moment with the predictions
for 6 deg collective pitch. The analysis shows the correct trends;
however, it underpredicts the oscillatory � apping moment for 4/rev
and 5/rev trailing-edge � ap excitation.

Oscillatory rotor torque. Figure 18 compares the measured os-
cillatory torque with the analysis for 6 deg collective. The analy-
sis shows the correct trends but underpredicts the oscillatory rotor
torque.

V. Proof-of-Concept Mach-Scaled Rotor Model
For vibration and acoustic studies Mach scaling is more appro-

priate than Froude scaling to simulate the characteristicsof the full-
scale system. This section presents ongoing research focused to-
ward the development of a Mach-scaled smart rotor model. The
rotor-blade and trailing-edge � ap parameters are shown in Table 1.

A. Actuator Design
The operating speed for the Mach-scaled rotor is nearly two

and a half times that of the Froude-scaled rotor, and this results in
signi� cantly higher aerodynamic, centrifugal, and frictional hinge
moments. The four-layered bender that was incorporated into the
Froude-scaleddesign is unable to provide suf� cient actuation force
to actuate the � ap at Mach-scaled speeds. Therefore, an eight-
layered, tapered bender (Fig. 19) was designed and fabricated in
house. Increasing the number of PZT layers results in greater ac-
tuation force capability for the piezo-bender at the cost of reduced
stroke. By tapering the bender, the piezo-induced bending and the



KORATKAR AND CHOPRA 1121

Fig.18 Oscillatoryrotor torquefor3,4, and5/rev � apactivation(hover
test at 900 rpm and 6 deg collective, bender excited at 95 V rms).

Fig. 19 Eight-layered tapered bender, used for the Mach-scaled rotor
model.

Fig. 20 Force-stroke characteristics: 1-in.-long,eight-layered, tapered
actuator.

actuator stiffness are optimized, resulting in improved force-stroke
characteristics.The tapering of the actuator also enables the eight-
layeredbender to conformto the NACA 0012mold used to fabricate
the rotor models. The eight-layeredbender was tested to determine
its static force and stroke characteristics (Fig. 20). The stroke (free
displacement of bender tip) for the four-layered and eight-layered
tapered benders are comparable; however, the superiority of the
eight-layered bender over the four-layered bender lies in the ac-
tuation force output. Figure 20 shows that the block force for the
eight-layered, tapered bender is about two times the corresponding
value for the four-layeredbender.

B. Rotor-Blade Fabrication
The aerodynamicand centrifugalloads experiencedby the Mach-

scaled rotor are much higher than the corresponding values for the
Froude-scaled design. Consequently, most of the individual com-
ponents of the rotor were redesigned to account for the higher
stress levels. The primary load carrying member is a graphite-
epoxy composite spar that was designed to carry a tensile force
of 3800 lb (16,903 N). The graphite-epoxy spar is bolted on to
an aluminum root insert, which is precision machined to match
the NACA 0012 airfoil contour. Tantalum leading-edge weights
are used to mass balance the blade. These leading-edge weights
are embedded in specially designed rib cages (Fig. 21), which
are in turn bonded to the spar using a high strength � lm adhe-
sive. The anchor plate that supports the actuator-�ap mechanism
is also bonded to the spar using the � lm adhesive. This skele-
tal assembly is then embedded in a Rohacell IG-71 foam core,
and three plies of 5-mil-thick, [0, 90] prepreg s-glass cloth are
wrapped over the foam. The top and bottom surfaces of the spar
get bonded to the skin as it wraps around the foam core result-
ing in a two-celled cross section. The aluminum root insert, with
its surface area bonded to a portion of the skin, also provides a
load transfer path between the skin and the composite spar. The
foam core along with the skin is cured in a NACA 0012 mold.
The trailing-edge � ap is fabricated seperately using Rohacell foam
and a single 5-mil prepreg s-glass skin. The magnet for the Hall-
effect sensor is situated on the � ap hinge axis and rotates with
the � ap via an integral arm. The � ap occupies 20% of total blade
chord, 5% of rotor radius, and is located at 75% radial position
(Fig. 21).

C. Improved Actuator Performance Using an ac Bias Circuit
The Mach-scaled actuator consists of eight 7.5-mil thick PZT-5H

sheets. For a PZT with thickness of 7.5 mil, the maximum voltage
that can be applied against the direction of polarization is 140 V.
Exceeding this voltage limit causes depolarization of the PZT ma-
terial. However the voltage limit in the direction of polarization is
much higher and is determined by dielectric breakdown and arc-
ing of the PZT material. The PZT sheets used on the bender are
driven by ac voltages, and hence the PZT sheets are excited both
in and against the direction of polarization. Therefore, for a pure
sinusoidal input (S in Fig. 22) the depolarizationphenomenon lim-
its the actuator performance. However the depolarization limit can
be avoided by applying a larger electric � eld for those PZT layers
that are actuated in the directionof polarizationand simultaneously
maintaininglower voltages(belowthe depolinglimit) for thosePZT
layers that are actuated against the direction of polarization. This
can be achieved using an ac bias circuit shown in Fig. 22. This
circuit splits a 95-V rms waveform S into two signals S1 and S2.
The signal S1 is ampli� ed during the positive half cycle, whereas
S2 is ampli� ed during the negative half cycle. The signal S1 is
applied to PZT sheets 1, 2, 3, and 4, while S2 is applied to PZT
sheets 5, 6, 7, and 8 (Fig. 22). During the positive half cycle, the
PZT sheets 1–4 are not in danger of being depoled, and so a large
electric � eld can be applied (S1). Similarly, during the negativehalf
cycle, the PZT sheets 5–8 are not in danger of being depoled, and
so a large electric � eld can be applied (S2). The ampli� cation fac-
tor N for the modi� ed signals S1 and S2 can be varied, depending
on the desired peak-to-peak electric � eld. This innovative ac bias
method for piezoelectric bender actuation enables the application
of large electric � elds and eliminates any possibility of bender de-
polarization. The depoling phenomenon can also be prevented by
the application of a conventional dc bias. However, this introduces
a steady trailing-edge � ap de� ection, which will affect the steady
hub loads. An advantage of the present method is that the modi� ed
waveforms (S1 and S2) do not introduceany trailing-edge� ap offset
angle.

D. Vacuum-Chamber Testing
The Mach-scaledrotor bladeswere tested in the vacuumchamber

to evaluate the effectiveness of the new design. These tests reveal
the effect of centrifugal, frictional, and inertial loads (except for
the effect of blade � apping motion) on bender-�ap performance.
The vacuum chamber has a test section of 10-ft (3.04-m) diam by
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Fig. 21 Mach-scaled rotor layout.

Fig. 22 AC bias circuit.

4-ft (1.21-m) height (Fig. 23) and has a rigid, nonarticulated hub
that accepts signals from a 60-channel slip ring unit. The tests were
conducted with the pressure inside the chamber in the 1–5 mbar
range. For the present tests a linkage arm length of 80 mils was
selected, and the actuator cantilevered length was 1 in. (2.54 cm).

1. Tests Without Bearing
Initial tests showed severe degradation in actuator performance

at the Mach-scaled operating speed of 2000 rpm (Fig. 24). The
nonrotating trailing-edge � ap de� ection was §10 deg (bender ex-
cited at 95 V rms with 3:1 ac bias at 10 Hz). No signi� cant
loss in performance was observed up to 900 rpm. However, be-
yond that speed there was a severe reduction in performance. At
2000 rpm a maximum trailing-edge � ap de� ection of only §3.2
deg was achieved. The reasons for this dramatic loss in actu-
ator performance can be traced to the centrifugal loads associ-
ated with rotor model scale testing. For a Mach-scaled model
the full-scale tip Mach number is simulated. However, the cen-
trifugal loading is overscaled. For the present rotor model the
model g loading (3500 g) caused by centrifugal action is approx-
imately � ve times the full-scale g loading. This high centrifugal
forcing results in large frictional losses at the blade � ap inter-
face, causing degradation in actuator performance. Still, Mach-
scale testing is necessary to demonstrate that the blade con-
trol system can overcome vibratory airloads caused by transonic
effects. Fig. 23 Vacuum-chamber test facility.
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Fig. 24 Vacuum-chamber test for Mach-scaled rotor without thrust
bearing (rpm sweep with a 10-Hz excitation).

Fig. 25 Thrust-bearing assembly.

2. Installation of a Thrust Bearing
For full-scale applications a thrust bearing can be easily incor-

porated to minimize frictional losses. However, at model scale size
limitations preclude the use of a conventional roller thrust bearing.
For the presentstudya microthrustball bearing (F2-6) was selected.
This bearinghasa borediameterof 2 mm, outsidediameterof 6 mm,
static load capacityof 19.39 lb (86.25N), and dynamic load capacity
of 26.44 lb (117.61 N). Because the shaft that hinges the � ap has a
diameter of only 1 mm, the bearing cannot be directly mounted on
the shaft.As a result,speciallydesignedsleeves(Fig. 25)werepreci-
sion machined to act as interfacesbetween the bearing and the shaft.
For ideal operation the F2-6 bearing should provide a coef� cient of
friction l of 0.05.

3. Tests with Bearing
First, an rpm sweep was performedfor a 10-Hz benderexcitation.

The eight-layeredpiezo-benderwas excitedat 95 V rms with a 3:1ac
bias (N =3). A trailing-edge� ap-de� ection amplitude of §7.7 deg
was achieved at 2000 rpm (Fig. 26). With the incorporation of the
thrust bearing, the actuator performance has more than doubled.
The analytic model (with l =0.05) shows good correlation with
the test data. Next, a frequency sweep was performed at 2000 rpm.
For a 40-Hz excitation � ap-de� ection amplitude of §8.6 deg was
obtained (Fig. 27). Figures 26 and 27 clearly illustrate that, with the
incorporation of a thrust bearing, the actuation mechanism is able
to overcome the centrifugal, inertial, and frictional loads.

E. Predicted Response in Hover
The design goal for the Mach-scaled smart rotor is to achieve §4

to §8 deg of trailing-edge� ap de� ection in hover in the 1–5/rev fre-
quency range. Because a thrust bearing is being used, a coef� cient

Fig.26 Vacuum-chambertest for Mach-scaledmodelwith thrust bear-
ings (rpm sweep at 10 Hz, bender excited at 95 V rms with 3:1 ac bias).

Fig.27 Vacuum-chambertest for Mach-scaledmodelwith thrust bear-
ings (frequency sweep at 2000 rpm, bender excited at 95 V rms with 3:1
bias).

Fig. 28 Predicted response in hover for Mach-scaled model with thrust
bearings (rotor speed = 2000rpm, collective pitch = 6deg,bender excited
at 95 V rms with 3:1 ac bias).
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of friction of 0.05 is selected for the analysis. The optimum link-
age arm length for the Mach-scaled con� guration was found to be
80 mils. The analysis indicates that the 1 in. long, eight-layered,
tapered bender excited at 95 V rms (with 3:l ac bias), with a lever
arm of 80 mils, can de� ect the trailing-edge � ap by §5 to §10 deg
at 2000 rpm in hover (Fig. 28).

VI. Conclusion
This research project is part of the continuing development of

a smart helicopter rotor system, using an active trailing-edge � ap
for individual blade control of vibration. The actuation mechanism
for the trailing-edge � ap is based on a solid-state, induced-strain,
piezoelectricbender.An analyticmodel is developedfor thecoupled
actuator-� ap-rotor response in hover. Because the actuatormodel is
integrated into the rotor analyses, the present formulation does not
require the trailing-edge � ap motion to be prescribed as an inde-
pendent input. The only prescribed input parameter for the present
analysis is the voltage input to the actuator at every azimuthal time
step. The only constraint is that the voltage input must retain pe-
riodicity over one revolution, which is required for rotor vibration
control. To validate the analytic model, Froude-scaled hover test
data from Ref. 11 were used. Good correlation of predicted re-
sults with test data was obtained. Flap de� ections of §4 to §8
deg were achieved in the 1–5/rev frequency range at the Froude-
scaled operating speed of 900 rpm. The � ap actuation resulted
in a 10% variation in the steady rotor thrust at 6-deg collective
pitch.

For the Mach-scaled rotor the piezoelectric bender force output
required to overcome the trailing-edge� ap hinge moments is much
larger than that for a Froude-scaled model. Therefore, to achieve
the desired � ap authority, the following design improvements were
implemented for the actuation system:

1) The four-layered actuator used in the Froude-scaled design
was replaced with an eight-layered, tapered bender. This doubles
the actuation force output without a signi� cant reduction in the
stroke.

2) The actuator force-stroke response is further improved by the
useof a modi� ed inputsignal(ac biascircuit). Fora 3:1ampli� cation
the actuator force and stroke levels are doubled.

3) Preliminary Mach-scaled tests conducted inside a vacuum
chamber revealed that the major source of performancedegradation
at Mach-scaledg loadings is the friction at the blade-� ap interface.
Consequently a microthrust bearing (F2-6) was specially mounted
on the � ap shaft to minimize frictional losses at the blade-� ap
interface.

With the inclusion of the thrust bearing, � ap de� ections of over
§8 deg were recorded at 2000 rpm in the vacuum chamber. The
analysis predicts that with the thrust bearing trailing-edge � ap de-
� ections of §5 to §10 deg can be achieved in the 1–5/rev frequency
range, in hover at the Mach-scaled operating speed of 2000 rpm.
Future work will include hover testing, followed by wind-tunnel
testing. Also the actuator model developed in this paper will be
integrated with a comprehensive rotor analysis such as UMARC,
so that the vibration suppression capabilities of the piezoelectric
bender can be analyzed in more challenging � ight regimes.
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