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Abstract

This paper presents design optimization of a new Active Twist Rotor (ATR)
blade and conducts its aeroelastic analysis in forward flight condition. In order to
improve a twist actuation performance, the present ATR blade utilizes a single
crystal piezoelectric fiber composite actuator and the blade cross—sectional layout
is designed through an optimization procedure. The single crystal piezoelectric
fiber composite actuator has excellent piezoelectric strain performance when
compared with the previous piezoelectric fiber composites such as Active Fiber
Composites (AFC) and Macro Fiber Composites (MFC). Further design
optimization gives a cross—sectional layout that maximizes the static twist
actuation while satisfying various blade design requirements. After the design
optimization is completed successfully, an aeroelastic analysis of the present ATR
blade in forward flight is conducted to confirm the efficiency in reducing the
vibratory loads at both fixed— and rotating—systems. Numerical simulation shows
that the present ATR blade utilizing single crystal piezoelectric fiber composites
may reduce the vibratory loads significantly even with much lower input—voltage
when compared with that used in the previous ATR blade. However, for an
application of the present single crystal piezoelectric actuator to a full scaled rotor
blade, several issues exist. Difficulty of manufacturing in a large size and severe
brittleness in its material characteristics will need to be examined.

Key Words : Active Twist Rotor blades, Single crystal piezoelectric fiber
composites, Design optimization, Aeroelastic Analysis

Introduction

High vibratory load induced in the forward flight is one of the most serious problems in
rotorcrafts. Such high vibratory load makes serious constraints such as a relatively poor ride
quality, a restricted flight envelope, low fatigue life in the structural components, and a
resulting high operating cost. The primary reason of high vibration level is the complex
unsteady aerodynamic condition including asymmetry of the rotor disk aerodynamics, blade—
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vortex interaction, retreating blade—stall, high advancing blade Mach numbers and low
aerodynamic lag damping.

In order to alleviate this problem, active rotor control methodologies, which are to
modify directly the periodic aerodynamic loads acting upon the rotor blades, have been
examined during the last few decades. These may be broadly classified as Higher Harmonic
Control (HHC, [1]) and Individual Blade Control (IBC, [2]). HHC was introduced in the
1970s and has shown to reduce vibration and noise by implementing active control of the
rotor swashplate to change the pitch at the root of the blades. IBC typically uses
hydraulically—actuated pitch links to achieve active control of each blade independently.
Although both HHC and IBC showed several outstanding results for both a wind—tunnel
model [1-3] and a flight test [4], some difficulties still existed in providing the required
hydraulic power in the rotating system. Other constraints also showed up, such as an
adverse power requirement and a limitation on excitation frequency in the case of HHC, and
extreme mechanical complexity of the hydraulic sliprings in the case of IBC.

Since 1990s, various active rotor control methods based on the piezoelectric actuators,
such as Active Trailing—edge Flaps (ATF, Figure 1(a)) and Active Twist Rotor (ATR,
Figure 1(b)), have been suggested. The ATR blade utilizes piezoelectric fiber composite
actuators such as AFC [5] or MFC [6], that are embedded directly within the composite
blade skin. These actuators produce strain—induced twisting deformations in the blade, when
activated by an electrical voltage. Under the NASA/Army/MIT ATR program until 2003, the
ATR blade using AFC was designed, manufactured and tested successfully. An ATR
prototype blade was designed and fabricated for bench and hover tests [7, 8]. After minor
design modification, a set of ATR blades were manufactured, analyzed and wind—tunnel—
tested in a forward flight condition [9—10]. As a result, during the open—loop forward flight
test, significant vibration reduction on both fixed— and rotating—system loads was observed.
Finally, a closed—loop controller was designed to reduce the ATR hub shear vibratory loads

and implemented successfully in the NASA Langley wind tunnel experimental setup [11].

Following the completion of the ATR Phase—I program, the U.S. Army Research
Laboratory Vehicle Technology Directorate began examination on the Advanced ATR (AATR)
blade [12] using MFC. The original ATR blade was designed to have a rectangular blade
planform and a simple NACA 0012 airfoil. However, the AATR blade incorporated a high
performance airfoil and advanced blade tip shape. The AATR blade was designed based on the
configuration of a High—Lift Rotor (HLR) concept developed in the U.S. Army Aviation and
Missile Command, but still with the characteristics similar to that of the original ATR blade.
Another ATR research effort was originated from the EU—sponsored Friendcopter project for an
environmentally friendly helicopter, and in which a scaled ATR blade using MFC was developed
[13—14]. The EU-ATR blade was based on a passive BO—105 helicopter rotor blade.

Although the previous ATR blades utilizing either AFC or MFC could reduce vibratory
loads and acoustic noise of helicopters significantly, a quite high input—voltage up to 2,000
Vop (peak—to—peak voltage) was required. When compared with the ATF technology, such a
high input—voltage to obtain the high level of twist actuation authority is a serious obstacle
in application of the ATR methodology to the full—scale rotorcraft system.

To solve such drawback in the previous ATR blades, this paper proposes a new AATR
(AATR-II) blade which has an improved twist actuation performance. The present
improvement of twisting authority makes it possible that the AATR—II blade can reduce the
vibratory loads both at fixed— and rotating—system in helicopters in forward flight
remarkably even with a much lower input—voltage.

Fig. 1.(a) Active Trailing—edge Flap (ATF) blade Fig. 1.(b) Active Twist Rotor (ATR) blade
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For an improvement of the twist actuation performance, two design aspects are
considered as follows in this paper. The first aspect is a use of the single crystal
piezoelectric fiber composites instead of the conventional piezoelectric fiber composites
such as AFC or MFC. The single crystal piezoelectric fiber composite is a new piezoelectric
fiber composite actuator based on a single crystal material [15]. Such single crystal
piezoelectric material may produce strain levels more than 1% and exhibit five times larger
than that of the conventional piezoceramic material in terms of strain energy density. In
addition, it possesses higher coupling coefficients. Although it is still difficult to manufacture
the single crystal piezoelectric materials in a large size [16], it will be advantageous to use
an improved actuation performance of the piezoelectric fiber composites [16—17].
Therefore, in this paper, the MFC using single crystal PMN—=32%PT [18], i.e., the single
crystal MFC, is adopted. The second aspect is a systematic design optimization to search for
a cross—sectional configuration which produces the maximum tip twist actuation. Since the
ATR control technique requires higher twist actuation authority, the blade cross—section
needs to be designed so as to maximize the twisting authority. For this reason, the present
paper introduces design optimization which finds the cross—section lay—out to maximize the
static tip twist actuation. In the case of the ATF blades, there have been reported some
research results for a design optimization to minimize the vibration [19—21]. However, a
few results [22—23] were found in the literature for a design optimization of the ATR blade
and it presents a preliminary establishment of an optimized cross—sectional configuration for
an advanced ATR blade. By using such design optimization framework provided by Cesnik
and improving it, this paper attempts to determine the cross—section layout of the AATR—II
blade which provides the maximum static twist actuation.

After obtaining the optimal cross—sectional configuration, an aeroelastic analysis of
the present AATR—II blade in forward flight condition is conducted. In order to predict
vibratory loads at both the fixed— and rotating—system in the AATR—II, a nonlinear flexible
multibody dynamics code, DYMORE [24], is used. For multi—body dynamic modeling,
various rigid bodies, mechanical joints and elastic beams are introduced. Once the steady—
state equilibrium condition is obtained, an Individual Blade Control (IBC) mode using sine—
dwell signal is applied for the blade control to reduce the vibratory loads. Since (b+1, b, b—
1) frequency components are to influence significantly upon a b—bladed rotor system, only 3,
4 and 5/rev frequency components are considered. Since the present AATR—II blade has an
improved twist actuation performance, an advanced performance and efficiency is expected
for the present AATR—II system in reducing the vibratory loads in rotorcraft.

Design Optimization Framework of AATR-II Blade

Although the AATR-II blade is a brand new rotor blade, its design is conducted to
maintain the characteristics of the original ATR blade based on AFC. Figure 2 and Table 1
show the general configuration and the properties of the original ATR blade, respectively [8].
For a cross—sectional design for the present AATR—II, as shown in Figure 3, the lay—up
configuration is basically similar to that of the original ATR blade. In order to maximize the
twist actuation, the PMN—32%PT fiber orientation angle of the single crystal MFC is arranged
as £45° with respect to the blade spanwise axis. The material properties of E—glass ply [8]
and single crystal MFC actuator [17] are summarized in Table 2. Its blade planform is based
on that of the AATR blade [12], as shown in Figure 4. It is assumed that the single crystal
MFC actuators are distributed from approximately from 29% to 95% blade radius.

In this paper, the design optimization framework developed for the original AATR
blade based on the standard MFC [22, 23] is used for the blade design. And, it is improved
by updating the version of UM/VABS incorporated in the framework. UM/VABS (University
of Michigan/Variational—Asymptotic Beam Cross—Sectional Analysis, [25]) version 1.02
used in the previous AATR optimization computes all the sectional properties at a cross—
sectional centroid. On the contrary, the present UM/VABS version 1.23 is capable of
estimating the same properties at a shear center, i.e., the elastic axis. This update provides a
more accurate estimate for the cross—sectional properties, and then improves the one—
dimensional beam analysis result. A basic optimization problem is defined as follows.
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Table 1. Properties of the original ATR blade

Rotor type Fully articulated
Number of blades, b 4

Blade chord, ¢ 0.108 m

Blade radius, R 1.397 m
Solidity, bc/mR 0.0982

Airfoil section NACA 0012
Blade linear twist, 6,, -10°

Hinge offset 0.076 m

Root cutout 0.318 m

Pitch axis
Elastic axis
Center of gravity

25% chord
19.6% chord
23.2% chord

21

Lock number, y 9.0
Tip Mach number 0.6
Centrifugal loading at tip 738.5¢g
Nominal rotor speed 687.5 RPM
Mass per unit span, m 0.710kg/m
1st torsional frequency at 687.5 RPM  6.97/rev
Twist actuation at 0 RPM and 1.25 deg/m
2,000 Vpp
[" Coincident flap-lag hinge location (0.0762)
AFC actuator plies — \ Blade pitch axis
J‘_.] (top and bottom) \ (0.25¢)
oo ) *
rotaton )+ - A ] — -
.175--‘ ol
e I e chord °‘°"°81 E-Glass 0/90 i
Biade radius, R (1.397) E-Glass 0/90 gy
E-Glass (wet) 90 | | SCMFC +45
g E-Glass (wet) 90
PR E-Glass 0/90
Nose s E-Glass (wet) 0 PR 4
E-Class 090 | |AFC +45 Lap Joint Region E-Glass (wet) 0
S-Glass 0 E-Glass +45/45 | | Active region plies +
E-Glass +45/45 | AFC 45 Web plies +
E-Glass 090 E-Glass 0:90 Fairing plies

l l E-Glass 0/90

\ \ Fa;gng
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Fig. 3. Layup configuration for
the AATR—II blade

Fig. 2. General configuration of
the original ATR blade
maximize ¢ =@(x)

maximize ¢ =@(X) (1)

where ¢ is an objective function which is the static tip twist actuation due to the the single

crystal MFC. As shown in Figure 5, the design variable vector X is composed of the
following parameters.
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Table 2. Material properties of an E—glass and standard/single crystal MFCs

Property E—glass Standard MFC Single crystal MFC

E, [GPa] 19.3 30.3 6.23

E, [GPa] 19.3 15.9 11.08
G,, [GPa] 4.1 5.52 2.01

Yy 0.148 0.31 0.23

p [kg/m’] 1700 4480 5338.3
d,, [x10""m/V] 0 400 1896.5
d, [x10"°m/V] 0 -170 -838.2
Thickness [x10™ m] 1.143 3.023 3.023
Electrode spacing [x10* m] N/A 5.334 5.334

Single crystal MFC actuators

(0.25 ~ 0.95R)
RC(4)-12 RC(6)-08
Coincident flap-lag 7 G:_ iesast EEEE e
location
0.0762 H 0.15Rt - 4 0.65R 0.85R

Blade chord, c=0.118
iy, A E == TS SRR
rotation l\
. -
| ‘

RC(a)10 Blade radius, R=1.397 —__.-.' j
vl R i il

T T—
Unit: m
Fig. 4. General configuration of the AATR—I| blade
X= W CS‘I(M'I MF Cend lspar lWebE\' ml m2 lml lmZ:| (2)

where MFC and MFC,,, are the starting and ending chordwise—locations of the active

start

region, respectively. [ and / are the chordwise—location of the spar and the length of

spar WebEx
the web extension, respectively. m, and m, are the masses for two discrete ballast

weights. Finally lm1 and [ are their chordwise—locations. In the present design

m2
optimization, the thickness and fiber orientation angle of each ply are held as constant.
In addition, various design constraints, g(X), are considered in order to maintain the

present blade characteristics as close to those of the original ATR blade. Upper and lower
boundaries for the design variable vector X for the feasible solution are also considered as
summarized in Table 3. The constraints for the chordwise locations of the cross—sectional
center of gravity, C.G., and the cross—sectional elastic axis, E.A., are taken into account for
an aeroelastic stability. The constraints for the blade mass per unit span length and the first
torsional frequency of the blade at the nominal rotor speed are accounted in order to match
an appropriate Lock number and for a desirable blade dynamics, respectively. Finally, for the
structural integrity, the maximum allowable blade local strain constraint under the worst—
case loading condition is added. In this paper, since there is not available value for the
maximum allowable strain of the single crystal MFC yet, the corresponding value
(approximately 6,800 microstrain) for the standard MFC [22, 23] is adopted.
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Table 3. Design constraints for design optimization

Property Constraint

Center of gravity 0.22¢ < C.G. < 0.28¢c

Elastic axis 0.22¢c < E.A. < 0.28c

Blade mass / length 0.67 < m < 0.71

1st torsional frequency at 687.5RPM 1T < 5.0 /rev

Local strain in the worst loading case Max. strain < Ultimate strength of the
constituent material

Web extension 0.05¢c < IWebEx < 0.25¢c

Starting/Ending chordwise—locations of 0.0455¢ = MFCstat = 0.85¢c

active region 0.0455¢ < MFCeng < 0.85¢c

Spar location 0.1c < ]Spﬂr < 0.85¢

MFC,,
> yk Mchn lWebExH
1y m,®
4‘—/"“1 lspar
’mz
Fig. 5. Design variables for design Fig. 6. Design optimization framework for
Optimization the AATR—II blade

The present design optimization framework consists of various numerical analysis
elements as shown in Figure 6. MATLAB provides an environment to integrate all these
analysis elements and conducts mathematical optimization. In the present framework, there
are three important analysis elements included. First, for the two—dimensional (2—D) linear
cross—section analysis, UM/VABS is used. UM/VABS is a finite element based analysis
which may calculate the sectional stiffness, inertia matrices and actuation force/moment
vectors. In addition, it also determines the chordwise—locations of the center of gravity and
the elastic axis. Since UM/VABS is the finite element method, it requires the cross—section
mesh generator [26], which takes input parameters and generates the finite element mesh.
Second, for the one—dimensional (1—D) nonlinear beam analysis, DYMORE is introduced.
The detailed description and capability of DYMORE will be described in a later section
regarding the multi—body dynamic modeling of the present - AATR—II blade. In the
framework, DYMORE uses the sectional properties which are estimated by UM/VABS and
calculates the blade natural frequency at the nominal rotor speed. Finally, in order to
consider the structural integrity of the blade, the 3—D stress/strain analysis is applied. This
element computes an internal local 3—D strain and stress field under the worst—case blade
loading. The worst loading condition consists of the sectional blade loads for the flapwise
bending, chordwise bending, and torsion which are computed by CAMRAD—II simulation in
the previous ATR research and considering centrifugal loads separately. The maximum
strain criterion is applied for each component in the resulting strain and compares it with the
allowable values for the local constituent material. Finally, as a mathematical optimization
algorithm, a gradient—based constrained optimizer, ‘fmincon’ command provided in
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MATLAB Optimization Toolbox [27] is integrated. This command attempts to find a
constrained minimum of a scalar function composed of several variables starting at an initial
estimate. This is generally referred to as constrained nonlinear optimization. For a medium—
scale optimization problem, ‘fmincon’ function uses a Sequential Quadratic Programming
(SQP) method. Based on that method, the present command solves a Quadratic Programming
(QP) sub—problem at each iteration step. An estimate for the Hessian of the Lagrangian is
updated at each iteration step using the BFGS [28] formula. Three kinds of termination
criteria are provided: the maximum number of iteration, tolerance on the design variables,
and tolerance on the function value. When one of these termination criteria is satisfied, the
optimization iteration is programmed to be terminated.

Result of Design Optimization for AATR-II Blade

Using the present design optimization framework, it is found that the choice of the
initial values for the design variables is quite important, since the design result is sensitive
to those selections. Table 4 describes the selected initial values for the present design
variables. Figure 7 shows a convergence history of the objective function, i.e., tip twist
actuation, for the case the amplitude of input—voltage is limited to 500 V. The design
optimization procedure is finished from the termination criteria of the tolerance on the design
variables. Throughout design optimization, the maximum tip twist actuation reaches
approximately 3.6 ° . In the present result, the magnitude for the amplitude of input—voltage
is not important, since a linear relationship between the applied voltage and the twist
actuation is established. When an increased input voltage is applied, an increased twist
actuation will be obtained. Thus, a goal of the present design optimization is to find an
optimal cross—section configuration which produces the maximum twist actuation when a
fixed input—voltage is provided.

Figure 8 shows the convergence history of the blade property parameters such as the
blade weight, the chordwise—locations of the center of gravity and that of the elastic axis,
the first torsional frequency at the nominal rotor speed, and the maximum strain. All the
properties of the present AATR—II blade are normalized with respect to those of the original
ATR blade, which are in Table 1. Although the AATR—II blade properties become similar to
those of the original ATR blade, a few features show up in the process of the AATR—II
blade design. As compared with the original ATR blade, the weight of the designed AATR—II
blade is very similar. However, the chordwise—locations of the center of gravity and the
elastic axis of the AATR—II blade are moved backward slightly. This suggests that the
corresponding offsets of the original ATR blade were in front of the quarter chord—line due
to an insufficient optimization effort. Furthermore, the first torsion mode frequency at the
nominal rotor speed and the maximum strain of the AATR—II blade are slightly lower than
the corresponding values of the original ATR blade. It is due to the fact that the present
AATR-II blade utilizes a single crystal MFC actuator, which is more flexible than the AFC
used in the original ATR blade.

Table 4. Initial values of the design variables for design optimization

Property Initial value
Starting chordwise—location of active region 0.0455¢c
Ending chordwise—location of active region 0.65¢c
Web extension 0.05¢c
Ballast masses [kg] (0.15, 0.15)
Ballast mass locations (0.1c, 0.4¢)

Spar location 0.4438c
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Fig. 7. Convergence history of the Fig. 8. Convergence history of the
objective function: tip twist blade property parameters
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Fig. 9. Convergence history of the blade Fig. 10. Minimized input—voltage for
configuration parameters target twist actuation

The convergence history of the blade configuration parameters is displayed in Figure
9. For the active region, the starting and ending chordwise—locations are determined to be
approximately 19% and 63% of the chord, respectively. The resulting active region length
becomes 55% of the allowable active region. Regarding the ballast weights, the rear one
moves to the nose, thus all the two ballast weights are located near the nose. This is
because the present single crystal MFC actuator, which has a heavier weight density, is
distributed from 19% to 63% of the chord. Therefore, the rear ballast weight is not basically
required in order to satisfy the center of gravity location at the quarter chord position. The
spar of the AATR~II blade is at approximately 40% of the chord, which is moved slightly
forward as compared with that of the original ATR blade.

When the design optimization is completed successfully, it is found that the input—
voltage in order to achieve the target twist is found to be significantly reduced. Figure 10
shows the relationship between the tip twist actuation and the required input—voltage. As
one can see, to obtain the target twist actuation of 2 ° at the tip, the present cross—
sectional configuration requires approximately 264 V. These values correspond to
approximately only 13.2% of the input—voltage amplitude required in the original ATR blade.
This result suggests that the present AATR—II blade has a capability to reduce the vibration
of helicopters with a much lower input—voltage than the original ATR blade does. It is
concluded that such an outstanding active—twist performance of the AATR-II blade is
achieved through both the use of single crystal MFC actuators and the systematic design
optimization effort.
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Multi-Body Dynamic Modeling of AATR-II Blade in Forward Flight

In this section, the multi—body dynamic modeling techniques for the AATR—II blade in
forward flight condition are discussed. For the multi—body modeling of the AATR—II blade,
DYMORE is used in this work. DYMORE is a nonlinear flexible multibody dynamics analysis
which has various multi—body element libraries, such as rigid bodies, mechanical joints, and
elastic beams. Deformable bodies are modeled with the finite element method. The equations
of equilibrium are formulated in a Cartesian inertial frame. Constraints are modeled using the
Lagrange multiplier technique. The formulation of beams is based on the geometrically exact
beam theory considering the arbitrarily large displacements, finite rotations and small strains
[29], but uses the displacement—based form instead of the mixed form. To analyze
aerodynamic loads, DYMORE uses finite—state dynamic inflow aerodynamics model [30].
This model is constructed by applying the acceleration potential theory to the rotor
aerodynamics problem with a skewed cylindrical wake. More specifically, the induced flow at
the rotor disk was expanded in terms of modal functions. As a result, a three—dimensional,
unsteady induced—flow aerodynamics model with finite number of states is derived in time
domain. This model is an intermediate level of wake representation between the simplest
momentum and the most complicate free wake methodologies.

Figure 11 represents the multi—body dynamic modeling of the present four—active—
bladed AATR—II system for the forward flight time domain analysis. The hub is modeled as
a rigid body, and connected with a revolute joint with a prescribed rotational speed of Q
rad/sec. Root retention is a passive elastic beam attached rigidly to the hub, and the reaction
loads at the attachment point are extracted and added over four of them to give the hub
vibratory loads. Since the AATR-II hub is fully articulated, three revolute joints are
consecutively located between the root retention and the active blade to consider flap, lead—
lag, and feathering hinges. A prescribed collective and cyclic pitch control commands are
applied at the feathering hinges, and their numerical values are based on those used in the
original ATR wind—tunnel experiment. Finally, active beams are attached to represent the
AATR-II blades, and they are discretized during the analysis with at least four beam
elements per blade, each with the 3rd—order interpolation polynomials. Therefore, there are
approximately 900 degrees of freedom to be solved at each time step, including the dynamic
inflow state variables for aerodynamics.

Individual Blade Control for AATR-II Blade

For the blade control, in general, there are three available blade control modes
including collective twist, differential twist, and Individual Blade Control (IBC). In collective
twist control mode, all the blades are under the same synchronous twist actuation signals,
while those of an opposite sign are transferred to the blade at the opposite azimuthal location
(e.g., Blade No.1 and 3) in differential twist mode. For an IBC actuation mode, the actuation
on each blade behaves in the same phase at a specific azimuthal location. Among these
control modes, the collective and differential modes were experimentally found to be less
effective in reducing the fixed—system vibratory loads when comparing the IBC mode [9].
Therefore, this study adopts the IBC mode using sine—dwell signal with control phase
variation. The input—voltage is generated from the following formula:

Active

Articulated Blade root blade
hinges retention

/_\ Hub

w)

A

Fig. 11. Multibody modeling of four—active—bladed AATR—II system
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Fig. 12. Example of input—voltage generated for an IBC mode with 3/rev actuation frequency

V(0) =V piitade X COS [2”wacmation (t ~ i ) + 2N, Wy ] (3

where

v,

amplitude

=100V

D, ctuation — N, act X f;otation

Ponolphase = 0-0, 0.83, ..., 1.0 (12 divisions over 360 deg.)
N, =34, 0rb5
Boage; = 0.0 (Blade No.1), 0.25 (Blade No.2), 0.5 (Blade No.3), 0.75 (Blade No.4)

Figure 12 depicts an example of the input—voltage generated for an IBC mode when
3/rev actuation frequency is applied with 12 divisions of the control phase angle. Like the
IBC signal of the original ATR blade, there is no actuation for the initial 3 seconds in order to
obtain steady—state equilibrium for the forward flight condition. During the last period of this
interval, that is, between 2.5 and 3.0s, the baseline loads without actuation on the hub and
the blades can be extracted. Then, for each 0.5s period of actuation, each with different
control phase angle, and another 0.5s period of no actuation is applied between them. These
are applied one after the other as given in Figure 12. Furthermore, by the control phase
algorithm as given in Equation (3), the blades have the maximum amplitudes of the
sinusoidal electric field at certain azimuthal locations which is shown in Figure 12.

Vibratory Loads Reduction Analysis of AATR-II Blade

In this section, based on the constructed multi—body dynamic modeling for the
AATR~-II blade, the vibratory loads reduction analysis of the AATR—II blade using the
present cross—sectional configuration from the design optimization is conducted. Through
the vibratory loads prediction for the fixed— and rotating—system, it will be shown that the
AATR-II blade may reduce the vibration of rotorcrafts more efficiently when comparing the
previous ATR blades. As mentioned in the previous section, the amplitude of input—voltage
to the AATR~II blade is assumed to be 100 V. This value corresponds to only 10% input—
voltage of the original ATR blade using AFC actuators.

The forward flight condition is considered as the advance ratio p=0.140, the rotor

o

shaft angle of attack o, =—1° and the non—dimensional thrust coefficient C, =0.0066. For

the trim under this forward flight condition, target thrust is chosen as 1000 N, and target
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Fig. 15. Variation of 4/rev hub shear vibratory loads

rolling/pitching moments are selected as both O N—m. Figure 13 gives the result of trim
analysis for AATR-II. As one can see, all three values of thrust, rolling and pitching
moments are converged well to the target values. In addition, the trimmed pitch control
angles for collective and two cyclic controls are obtained.

After the trim analysis is completed, first the vibratory loads at the hub are predicted.
The hub loads of the rotor system can be obtained from summation of all the loads in the
four root retention elements at the root. Figure 14 shows the time history of hub vertical
shear forces when the 3/rev actuation frequency is applied. As one can see the vibratory
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loads magnitude is changed considerably for certain control phase actuation. The biggest
reduction is observed for 8 to 8.5s. Through conversion from time domain results to
frequency domain, the 4/rev hub shear vibratory load component is predicted since the 4/rev
loads component is the most dominant component for the four—bladed rotor system.

Figure 15 gives the variation of the 4/rev hub shear vibratory loads when the 3, 4, and
5/rev actuation frequency is applied with the control phase. As one can see, the hub vertical
shear load component is reduced by approximately 86% when the 3/rev actuation frequency
with 149° control phase is applied. This reduction result of the AATR-II blade is
comparable with that of the original ATR blade, although only 10% input—voltage of the
original ATR blade is applied to the AATR-II blade. For the hub forward shear load
component, the 3/rev actuation frequency is also the most effective when 190° control
phase is considered and it can reduce the hub forward shear load component by 71%.
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Fig. 17. Variation of blade torsional moment at 33.6% span location

Following the prediction for the vibratory loads at the hub, the rotating—system loads
such as the flap bending moment and the torsional moment of the blade are predicted. Unlike
the previous fixed—system loads, there are the 3, 4, and 5/rev frequency load components in
the rotating—system loads. The 3, 4, and 5/rev frequency load components of the flap
bending moment at 28.7% span location are shown in Figure 16. As one can see, for all
frequency load components, the flap bending moments can be reduced significantly. Figure
17 shows the 3, 4, and 5/rev frequency load components of the torsional moment at 33.6%
span location. On the contrary to the previous results, the torsional moments are increased
significantly. The N/rev actuation frequency (N=3, 4, and 5) increases the N/rev frequency
torsional moment, respectively. This is due to the active twisting actuation. Therefore, a
special attention is required since it may degrade the blade fatigue life. In the future, a more
advanced design optimization framework which includes an aeroelastic analysis at each
design step will be constructed. This problem will be considered as one of its design
requirements and the solution will be provided. Through the present vibratory loads
reduction analysis results of the AATR-II blade in forward flight, it is shown that the
AATR-II reduces the vibratory loads on the fixed— and rotating—systems significantly even
with a much lower electric power consumption. This is due to that both the outstanding
piezoelectric strain constants of the single crystal MFC and the systematic design
optimization allow the present AATR-II blade to have an excellent performance and
efficiency in reducing the vibratory loads of rotorcrafts.

Although the present numerical results reveal that the AATR—II blade incorporating
single crystal MFC has an improved capability to reduce the vibratory loads in helicopters,
there are still two major obstacles for single crystal piezoelectric fiber composites regarding
application to a full scale helicopter rotor. One of those is severe brittleness of the single
crystal piezoelectric material. As mentioned in previous section, since there is not available
value for maximum allowable strain of it, that corresponding to the standard MFC is used
instead. However it is well known that the single crystal piezoelectric material is more brittle
than the conventional piezoelectric material. Although the combination of single crystal
piezoelectric fibers and epoxy matrix may improve the strength characteristics of the
composite actuator, it still exhibits a lower value than that for the standard piezoelectric
fiber composites. This drawback may be relieved by reinforcing the single crystal
piezoelectric fiber composites with additional glass fibers while they are fabricated. Second
is the difficulty of the single crystal piezoelectric material in manufacturing in a large size.
This problem is expected to be solved by a rapid development in its fabrication technique.

Conclusion

This paper proposes a brand new integrally twist—actuated blade utilizing single
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crystal piezoelectric fiber composites. It also conducts its aeroelastic analysis in forward
flight. In order to design the new AATR-II blade, a design optimization established
previously for an active helicopter blade is further improved and used. The present design
optimization framework consists of the 2—D cross—sectional analysis, the 1-D beam
analysis, the gradient—based optimizer and various related modules. The AATR—II blade is
designed to maintain the blade properties of the original ATR blade. After the design
optimization of the AATR—II blade is completed successfully, the vibratory loads reduction
analysis of the present AATR—II blade in forward flight condition is conducted by using the
multibody modeling for the AATR—II blade. With only 10% input—voltage of the original
ATR blade applied to the AATR-II blade, it reduces the vibratory loads on the fixed— and
rotating—system by a similar level as that capable in the original ATR. The numerical results
show that the AATR-II blade can reduce the vibratory loads of the helicopter more
efficiently when comparing the previous ATR blade. However, in order to manufacture the
present ATR blade using single crystal piezoelectric fiber composites and for its application
to a full scale rotorcraft, it is needed to pay attention to drawbacks of the single crystal
piezoelectric materials, such as a difficulty in manufacturing in a large size and a very brittle
characteristic. A further investigation considering such issues will be conducted for the
realistic blade design and analysis.
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