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Abstract

Helicopter vibration and blade-vortex interaction (BVI) noise are major problems restricting
the wider use of helicopters in civil and military applications. Traditional methods based on
vibration isolators and absorbers and passive designs of the rotor blade to reduce BVI noise
have reached the point of diminishing returns and are increasingly unable to meet the stringent
requirements of next generation helicopters. The advent of smart materials such as piezo-
ceramics, has opened the possibility of actively twisting the rotor blade using control
algorithms in a manner such that new higher harmonic forcing is developed which cancels
the existing unsteady higher harmonic aerodynamic forces that are the main sources of
vibration and noise on the rotor. Since the main rotor of a helicopter is the principal source
of vehicle vibration, active twist control offers possibility of a low vibration helicopter. This
paper reviews the literature in active twist rotor control using smart materials.
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Introduction

Significant vibration and noise levels occur in helicop-
ters because of strong aeroelastic interactions between a
highly unsteady aerodynamic environment and rapidly
rotating flexible blades. Other sources of vibration are
asymmetry of the rotor disk aerodynamics, blade-vortex
interaction, retreating blade-stall, high advancing blade
Mach numbers, low aerodynamic lag damping, and out-
of-track blades. High noise causes discomfort to passen-
gers, limits operations inside the residential areas, in-
creases detectability in defense applications and causes
poor ride quality. High vibration levels limit helicopter
performance and reduce the structural life of components,
require expensive maintenance, cause fatigue in rotor
system components and increases the likelihood of dam-
age to critical avionics components in the helicopter.
Significant research is being dedicated towards vibration
reduction of helicopters. Moreover, the traditional ap-
proaches to vibration reduction based on vibration isola-
tors and absorbers lead to large weight penalty and show
severe degradation in performance for flight speeds that
are away from the design condition. Since the rotor is a
primary source of helicopter vibration, efforts are being
directed towards controlling a rotor in such a way that new

unsteady loads are generated that cancel out existing loads.
Active control technology and smart materials being ex-
plored to design rotors with reduced vibration levels to-
wards pursuit of the long-term goal of ‘jet- smooth-ride’
for a helicopter [1]. While conventional methods based on
vibration absorbers and isolators have reached a point of
diminishing returns, the advent of smart materials has
opened up exciting research opportunities in the area.
Comprehensive reviews on applications of smart materi-
als are available [1-9]. Reviews on aerospace applications
are given by Chopra [1], Giurgitiu [2] and Loewy [3]. The
application of smart structures to helicopters is given by
Chopra [4]. Other reviews on structural and vibration
control are provided by Irschik [5] and Valliappan [6].
Trindade and Benjeddou [7] review work on active damp-
ing using piezoelectric materials. For reviews on the ma-
terials aspects of smart materials see [8] and for a
comprehensive review on piezoelectric materials see [9].
There is no comprehensive review on active twist control
of smart helicopter rotors in the literature though many
research papers have been published in this area. This
paper addresses this gap in the literature and discusses in
detail research on the area of active twist control of heli-
copter rotor vibration and noise using smart materials.
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Higher Harmonic Control and Individual
Blade Control

For an N-bladed rotor with a rotational speed of Ω, the
primary vibration transmitted by the rotor to the fuselage
is the NΩ or N/rev component. For example, for a 4-bladed
rotor with a rotational speed of 300 rpm (5Hz), the primary
cause of vibration is at the 20Hz (4*5) frequency. The
vibration at 4/rev harmonic in the fixed frame is caused by
3/rev, 4/rev and 5/rev harmonics in the rotating frame. The
basic principle of HHC (higher harmonic control) is that
by generating new airloads in the rotating frame at 3, 4 and
5/rev, the 4/rev vibrations in the fixed frame can be re-
duced. HHC was implemented by giving a 4/rev motion
to the swashplate using actuators which led to 3/rev, 4/rev
and 5/rev motion in the rotating system. HHC thus used
active root pitch control using swashplate oscillations.
HHC methods were successfully demonstrated using nu-
merical simulations [10-13], wind tunnel tests and full
scale flight tests producing reductions in vibrations from
25 to 90 percent [14-17].

Unfortunately, higher harmonic control needed high
actuation power and involved large weight penalties. The
IBC (individual blade control) methods allowed each
blade to be controlled separately at a desired frequency.
HHC works in the frequency domain while IBC works in
the time domain. While exciting the swashplate at 4/rev
allowed only 3/rev, 4/rev and 5/rev oscillations in the
rotating frame for a 4-bladed rotor, IBC could also be used
to generate 2/rev and any other harmonics. IBC was im-
plemented on a BO-I05 helicopter using hydraulic pitch-
link actuators [18]. These hydraulic actuators were
controlled by servovalves. While the results of these tests
were encouraging, amplitude limitations of the control
system prevented the demonstration of the full capability
of the IBC technology. IBC also suffered from the prob-
lems of large weight penalties and needed complex hy-
draulic devices.

Besides vibration, noise is also an important problem
in helicopter rotors and restricts helicopter usage in both
civil and military applications. Impulsive noise is the most
irritating because the human ear is highly sensitive to
pressure changes that occur over very small time periods.
Helicopters have two main types of impulsive noise:
blade-vortex interaction (BVI) noise and high- speed im-
pulsive (HSI) noise [19]. HSI noise is caused by com-
pressibility effects. In high speed forward flight a
phenomenon known as delocalization may occur. This is
characterized by the supersonic region on the blade ex-

tending to the far-field beyond the rotor. This results into
impulsive noise. Passive design features have been used
to minimize this effect.

 
BVI noise occurs at low speed descent which a heli-

copter undergoes before landing and is caused by large
velocity gradients caused by trailed tip vortices. The rapid
changes in the induced velocity field leads to large, time-
varying fluctuations in blade loading. The strongest BVI
occurs on the advancing blade where the axis of the trailing
vortex is nearly parallel to the rotor blade leading edge.
BVI noise is difficult to predict accurately because the
unsteady airloads and aeroacoustics require prediction of
the wake location and the strength of the vertical elements
with good accuracy. Research has been done on passive
designs of the rotor blade to reduce the BVI noise. The
methods used include (1) advanced blade tip designs and
tip air mass injection [20-22], (2) increasing the size of the
vortex core or instigating vortex bursting using spoilers or
stub wings [23] and (3) altering the blade planform. Un-
fortunately, these methods have not been very successful
and the active control approach has emerged as the pre-
ferred method. It has been found that 2/rev forcing is quite
effective in reducing BVI noise. However, the optimal
values of phasing for minimizing BVI noise may result in
an increase in rotor vibration. A particular advantage of
the use of active control in BVI noise reduction is that BVI
occurs in low speed descent where excess power is avail-
able for the smart materials actuators as the rotor power
requirement is reduced compared to forward flight.

Smart Rotor Concept

Among the active control solutions to solve the heli-
copter vibration problem, rotor blade trailing edge flaps
and actively twisted rotor actuated using smart materials
are undergoing active investigation. In the trailing edge
flap-approach vibration control is achieved by exciting the
flap at a combination of frequencies to produce incre-
mental change in rotor lift and pitching moment such that,
if correctly phased, can cancel out unwanted vibrations.
This has a high frequency bandwidth and a minimum of
moving parts of compact size. Another approach is to
actively twist the entire rotor blade. This can be achieved
by actively controlling the blade angle of attack distribu-
tion by creating a time varying and controllable elastic
twist, which as a result reduces helicopter vibrations by
influencing the aerodynamic disturbances at its source. In
this approach, there is an advantage of avoiding the profile
drag penalty associated with trailing edge flaps. Neverthe-
less, the drawback is that it requires increased actuation
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for twisting the entire blade, compared to relatively small
flaps.

Though HHC and IBC technology has been around for
some time, what has caused new research interest in the
area of active vibration and noise control is the emergence
of smart materials such as piezoceramics [1]. Piezo-
ceramics have found increasing use in applications and are
an integral part of the smart structures systems [5]. In
piezoelectric materials, electrical energy is converted to
mechanical energy and vice versa. When an electric field
is applied to a free layer of piezoelectric material, the
particles of the layer exhibit displacements from their
original position in a manner similar to thermal expansion
of a freely heated elastic strip. If the piezoelectric layer or
patch is bonded to some non-piezoelectric structure such
as a helicopter rotor blade, without completely constrain-
ing the free displacement, the converse piezoelectric effect
will actuate the structure (Fig.1). On the other hand, pie-
zoelectric materials can also be used to sense deformations
because an electric field is actuated due to strains because
of the direct piezoelectric effect. When a piezoelectric is
used for both sensing and actuation, it is called a self
sensing layer. According to Irschik [5], the ability of
structures with bonded piezoelectric patches and automat-
ic control algorithms to react to external disturbances in a
manner similar to human beings results in their being
called "smart" or "intelligent" structures.

Piezoelectric materials are the main candidates for
active twist rotor because they can operate over a wide
bandwidth of frequency and can be placed in a manner
such that they are removed from the primary flight control
path. The active twist concept using smart structures offers
the advantages of IBC, requires lower actuator power,
higher range of frequencies not necessarily linked to har-
monic motions and eliminates the need for a hydraulic slip
ring. Piezoelectric actuators can also be used to generate
unsteady aerodynamic loads on the same time scale as
caused by BVI.

Literature Survey

The objective is to reduce the vibration or BVI noise
in helicopter rotor blade using active twist approach; this
approach has gained popularity over the past decade.
There is substantial material available for the proof of this
concept in the literature. The existing literature is classi-
fied into the following sections: (1) Early studies (2) Smart
active blade tips (3) Active fiber composites (4)
NASA/MIT/Army active twist rotor (5) Active composite
beams and (6) Induced shear strain mechanisms. The
classification is for convenience and there is overlap be-
tween these areas. Finally, we discuss some of the conclu-
sions from the literature survey and identify areas
requiring further research.

Early Studies

These studies are mostly experimental in nature with
simple modeling and were undertaken to prove the con-
cept of active twist control using piezoceramic materials.
The key idea was to check if the required 1-2 degrees of
twist needed for suppressing vibration dramatically could
be obtained with minimum consumption of power. The
first works in this area were published in 1996.

Chen and Chopra [24] built a Froude-scale model rotor
and concurrently developed an analytical model to predict
the behavior of the rotor blades with embedded piezo-
ceramic actuators. For this, a uniform strain theory was
formulated to predict the static torsion and bending re-
sponse of rectangular section beams and rotor blades,
followed by experimental validation.

Experiments were conducted on a 1.83m diameter,
1/8th Froude scale model of a two-bladed bearingless
rotor. The blade cross-section was NACA 0012. Total
blade length was 67.51cm from tip to root and chord was
7.62cm. Piezoceramic elements that were 11.5 mil thick
were embedded under the fiberglass skin in banks of
discrete actuators at angles of ± 45 degrees on the top and
bottom (Fig.2). The first configuration had 55 pairs of
actuators spaced 0.254 cm apart and the second configu-
ration had 12 pairs of actuators spaced 3.81cm apart. Both
these rotors were assessed in order to find out the optimum
configuration in terms of piezoceramic actuators. Bending
and extension were also discussed in this paper. An ana-
lytical model was developed for a beam and then applied
to a rotor and the results were compared with experimental
data.Fig. 1  Bending actuation on application of equal and

opposite voltage
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The first set had 80% more actuators than second set.
It was observed that an increase in the number of torsion
actuators resulted in increase in the torsion stiffness of
rotor blade and the ‘interference effect’, which reduces the
twist. However, reducing the number of actuators reduces
the stiffness and increases the twist. Rotating response of
the rotor blade was evaluated at various speeds with a
Froude-scale operating speed of 900 rpm. The rotor col-
lective was set at 4, 6 and 8 degrees and the piezoceramic
actuators were actuated at 100 V rms to manipulate blade
twist motion at -frequencies from 10-100 Hz. In general,
the response was observed to decrease in amplitude with
increasing rpm for all collectives.

Uniform strain theory correctly predicts the trends of
the torsion and bending responses of the rectangular beam
specimens, except that it shows discrepancy at very high
voltage. This theory was able to predict static torsion
response with an accuracy of approximately 80 percent.
Blade testing showed that structural stiffness of the blade
decreased as the actuator spacing was increased.

In [25, 26], the work done in [24] was extended and it
was found that actuator geometric parameters have signifi-
cant effect over structural properties and hence twist per-
formance of the blades. Blade twist performances in static
and rotating modes differ due to the presence of large
external loads at high rpm. By generating new unsteady
airloads, blade twist is capable of altering the aerodynamic
characteristics of the rotor. In this study (experiment) a
blade twist 010.5 degrees was attained at 900 rpm with
dual layer actuators. But for viable vibration reduction, a
blade tip twist of 1-2 degrees is required at 900 rpm. The
twist achieved here being small, only partial reduction was
possible. The maximum tip twist values at resonance
frequencies (50Hz and 90 Hz) were 0.35º and 1.1º respec-
tively. At non-resonance frequencies, the response was
less than 0.5º at 4/rev excitation.

In another study in 1996, Derham and Hagood [27]
used smart materials to achieve main spar twist. This
method is called Inter-Digitated Electrode Piezoelectric in
Fiber Composite (IDEPFC), and was jointly applied by
MIT and Boeing to rotor blades (Fig.3). It uses active
materials embedded in the composite plies of rotor blades
actuated through applied electric fields. Active twist for a
1/6th Mach scale CH-47 rotor blade was demonstrated and
a preliminary design for a 1/6 scale active twist blade was
presented (Fig. 4). Blades were made of composite mate-
rials and had a built in pre-twist of 12 degrees. The rotor
was three bladed and fully articulated. Feasibility of ap-
plying this concept to rotorcraft was discussed in terms of
performance including economic merit, weight and power
consumption.

IDEPFC is a variation on traditional PFC (peizo-fiber
composites). These incorporate active material fibers in a
composite ply lay-up. The PFC’s are actuated by digitated
electrodes and hence are known as IDEPFC. A structural
analysis was performed to assess the structural integrity
of this active blade configuration and strength parameters
were calculated. Design loads consistent with full-scale
blade requirements and practices, including the effects of
added actuator mass and inertias were developed using
Boeing’s TECH-01rotor aeroelastic analysis. TECH-01 is

Fig. 2  Active plies oriented at 45 degrees

Fig. 3  Interdigitated Piezo Fiber Composites (IDEPFC)

Fig. 4  Structural layout of 1/6 scale active twist blade
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a comprehensive rotor analysis considering unsteady
aerodynamic forcing and associated elastic blade response
caused by the complex flow and wake patterns around a
rotor in edgewise flight.

 
A 1/16 Froude-scale CH-47 helicopter blade was

manufactured with IDEPFC actuators embedded. The
blade was bench tested for twist actuation performance to
verify both an MIT developed mathematical model for
predicting actuator performance and the manufacturing
process for active blades. Predictions for the actuated
torsional capabilities of the 1/6 Mach scale blade were
made using the model that was correlated to the 1/16
Froude scale experiment. It was observed that 3/rev and
4/rev induced twist had the greatest impact on 3/rev verti-
cal shear. A 70% reduction in vibratory vertical shear was
achieved over the baseline (no actuation) case with a
penalty of 2.5% in required power. A 40% reduction was
obtained with a 2/rev actuator without a penalty in power.

The main conclusion from [27] was that substantial
vibration reduction could be obtained using the active
twist concept. But, the studies by Chen and Chopra [24-
26] found that the amount of twist generated was not
sufficiently high with current day actuators to completely
suppress vibration.

Smart Active Blade Tips (SABT)

Bernhard and Chopra [28] worked on the development
of an active on-blade vibration-reduction system using
smart active blade tips (SABT), which are driven by
piezo-induced, bending-torsion coupled actuator (Fig. 5).
The beam was designed specifically to fit within the rotor
blade profile and was essentially used as a pure torsional
actuator. The actuator was located lengthwise in the box-
beam cavity and was supported only at the root and at the
tip of the main blade. The inboard end is directly mounted
on the blade root and the outboard end is connected to the
SABT via a shaft, supported in a radial bearing. The
bearing is capable of carrying lift, drag, flapwise and
chordwise bending moments of the blade tip whereas the
centrifugal and torsional loads were transferred to the
actuator beam. Beam layup was selected as [-45, 0, 45].
The actuator beam applied a torque at the tip, which
thereby induced the blade to twist. By actively pitching
the tips, new unsteady airloads were generated. Correctly
phased, they could be used to reduce the dynamic rotor
hub shears and moments. The advantage here is that the
large centrifugal force imposed by the moving tip on the
beam is eliminated, improving the twist performance. The

span-wise segments were differentially energized such
that, the induced-strain bending curvatures cancelled out,
while the induced-strain twist curvatures added up to a net
tip rotation.

These SABT have distinct advantages at the expense
of a few drawbacks. First, the entire blade can be used for
actuation. The required twist can be achieved without any
amplification mechanisms. Second, the need for the tip
thrust beam is eliminated via the actuator beam. Third, the
moving tip is hinged at the aerodynamic center to mini-
mize the pitching moments. For analysis, an extension of
the induced-strain composite-beam model presented by
Chandra and Chopra [29] was used. This was based on
Vlasov-theory [30], in which the structure is modeled in
two phases. First, on the local cross-sectional level, a
two-dimensional (thin walled) plate-analysis was used.
Second, this was reduced to a global one-dimensional bar
analysis, using principle of virtual work. The fabrication
of these SABT blades was carried out at the Maryland
rotorcraft center for a 1/8th Froude scale bearingless rotor
hub. The nominal diameter was 1.83 m with a root cutout
of 31% and a nominal operating speed of 817 rpm. The
main rotor blade was a rectangular, untwisted NACA 0012
blade, with a 76.2 mm chord. Structural integrity tests,
non-rotating tests and hover tests were performed on this
rotor.

The rotating twist amplitudes with SABT are similar
to tip twist amplitudes reported by Chen and Chopra [24].
However, in this case, the blade twist is achieved with half
the power, because the actuator beam used a surface area
of 206.45 cm2 of 0.0254 cm thick PZT-5H elements,
compared to the 412.90 cm2 of 0.0254 cm PZT-5H used
by Chen and Chopra [25]. It is to be noted that the SABT

Fig. 5  Smart Active Blade Tip (SABT)
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blades were 25% heavier then the blades used in Reference
[24]. Hover, tests at 875 rpm produced blade twist results
from 0.30 at 1/rev through 0.50 at 5/rev excitation frequen-
cies.

 
In another paper [31], a Vlasov based bar analysis was

used to derive a specialized, computationally efficient, one
dimensional finite element, to model non-rotating actuator
beam. This was a two-node, 12 degree-of-freedom ele-
ment with bending, torsion and in-and out-of-plane warp-
ing degrees of freedom and induced strain capability.
Results obtained by FEM were validated by experiments
for two cases. Good correlation was obtained with experi-
mental data. In one case, a reverse bending region was
observed between the plate cantilever root and the first
bank of piezo actuators. This was captured in the analysis
with the help of specialized continuous in-plane warping
mode. The predicted dynamic blade-tip pitch deflection
was approximately 10-20% below the measured values.
Later, a Mach-scale active twist rotor was fabricated [32]
and tested with the above mentioned SABT. This sug-
gested that the concept to be capable of achieving twist
distribution throughout the blade.

While the SABT concept was demonstrated by wind
tunnel tests and Mach scale models, tip twist amplitudes
were similar to those obtained by Chen and Chopra [24]
and below the 2 degrees needed for full vibration suppres-
sion. The primary disadvantage of SABT is that this is a
localized active system, consulting a single-input single-
output control devise. In contrast, distributed active blade
systems, such as multiple trailing edge flaps, offer a
greater flexibility for simultaneously achieving vibration
and noise reduction.

Active Fiber Composites (AFC)

The objective of the study by Rodgers and Hagood
[33] was to develop an integral twist-actuated rotor blade
for helicopter individual blade control. Active fiber com-
posites (AFC) are integrated within a composite rotor
blade to induce a twisting moment. AFC are active plies
oriented at a 45 degree angle to the blade span in order to
induce shear stresses and a distributed twisting moment
along the blade. They consist of a laminated structure of
fiberglass plies and PZT-fiber plies. The PZT-fiber plies
have continuous, aligned, PZT-fibers in an epoxy layer,
and polymid/copper electrode films. The electrode films
are etched into an inter-digitated pattern that affects the
electric field along the fiber direction, thus activating the
primary d33 piezoelectric effect. The AFC has a number

of advantages; it is a conformable actuator, which could
be integrated with a passive structure. The actuators are
distributed throughout the structure providing redundancy
in operation. The active blade requires no articulating
components, thus eliminating the need of amplification
mechanisms and does not increase the profile drag of the
blade like servo-flap actuators.

Design, manufacture and testing of this rotor were
investigated thoroughly in [34]. A 1/6th Mach-scale CH-
47D blade was designed, fabricated and tested in a hover
test stand facility. The span of the blade was 153.97 cm
and the chord was 13.68 cm. The blade was used on a fully
articulated hub. The blade had a built-in linear twist of 12
degrees and taper of a VR7 airfoil at 0.85R to a VR8 airfoil
at the tip. A configuration with three diagonally placed
active plies in the spar laminate was selected for the
integral blade. These active plies were uniformly distrib-
uted between 0.27R and 0.95R and were divided into 7
spanwise AFC segments. Activation of the diagonally
placed fibers induced shear in the spar skin, which gener-
ated blade twist. Bench tests performed at frequencies up
to 67.5 Hz demonstrated that a maximum twist of 1 to 1.5
degrees peak-to-peak (± 0.5 - ± 0.75º amplitude) could be
obtained. However, full span sections resulted in a twist
performance relatively below design targets. But half-
span sections successfully demonstrated twist at full
authority. Moreover, excellent correlation with model pre-
dictions was achieved. Even with the reduced twist, the
hub load generation at all blade loading conditions and
rotor speeds was consistent and near predicted levels,
suggesting that the integral twist actuation concept is
feasible and worthy of further investigation.

The studies in [33-34] proved the feasibility of the
active twist rotor concept when active fiber composites
were used. In general, AFC are much less fragile com-
pared to monolith piezoelectric patches and can be more
easily implemented into practical structures. However, the
AFC’s are more difficult to manufacture and much more
costly than equivalent monoliths.

NASA/Army/MIT Active Twist Rotor

The so-called NASA/Army/MIT Active Twist Rotor
(ATR) is the most ambitious project in the area and has
lead to several publications. This work [34-35] uses the
active fiber composites for actively twisting the blades
using both analytical simulations and wind tunnel tests.
Wilbur et. al [35] describe aeroelastic-modeling proce-
dures and use them in the design of a piezoelectric con-
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trollable twist helicopter model rotor for wind tunnel
testing. Two numerical active twist rotor approaches were
developed. First, a code named PETRA (Piezoelectric
Twist Rotor Analysis) was developed and was specifically
intended for fundamental studies of active twist rotor
designs with embedded actuators. The code PETRA was
used for control law and design optimization studies. The
blade equations were simplified to a linear out-of-plane
bending-torsion model by using an ordering scheme. A
sectional analysis was used to determine the blade struc-
tural properties and piezoelectric terms. The resulting
piezoelectric terms were applied to the right hand side of
the final equation of motion as a force term along with all
aerodynamic forcing terms. The aerodynamic loads were
derived using strip theory and a finite-state unsteady aero-
dynamics formulation, which includes the ONERA model
of dynamic stall. A uniform inflow model, with a linear
variation across the rotor disk in forward flight was used.

The second approach is based on the CAMRAD II
comprehensive rotor analysis package, which can be used
for more detailed analytical studies [36]. The commer-
cially available CAMRAD II software package has more
extensive rotorcraft modeling capabilities. Forward flight
simulations using CAMRAD II indicate that large reduc-
tions in 4P vertical hub shear may be achievable with
significantly less than the maximum twist actuation
authority of the active twist rotor. However, it should be
noted that [35] modeled the smart structure using applied
loads and the piezostructure was not included in the aeroe-
lastic equations through constitutive relations.

In another study by the same group [37], a four-bladed,
aeroelastically scaled, active twist rotor (ATR) model was
designed and fabricated to be tested in the heavy gas
medium of a transonic wind tunnel. Active fiber compos-
ites (AFC) were utilized in fabricating the rotor blades.
Each ATR blade consisted of 24 active fiber composite
(AFC) actuators to implement the active twist control. The
AFC’s were placed in four layers through the thickness of
the blades and were oriented such that the active strain is
applied at ±45 degrees relative to the blade spanwise axis
to permit maximum torsional control on the blades. They
were actuated using separate high-voltage, low-current
power channels for each blade, The pretwist was linear
with a twist of -10º from the center of rotation to the blade
tip. NACA-0012 airfoil section was used. Hover testing
was conducted to determine the basic frequency response
characteristics of the ATR blades under active twist con-
trol. Tests were carried out for a wide range of frequencies.
In forward flight tests, both low (µ=0.14) and high

(µ=0.333) advance ratio cases were considered. Results
show that for both low and high-speed forward flight,
active control was capable of generating significant vari-
ations in both rotating and fixed system loads, and that
large reductions in fixed-system vibratory loads were
achievable. Both rotating and fixed system loads could be
dramatically affected by changes in active twist control
phase and a reduction in fixed-system loads of 60-95%
was obtained. An active twist control frequency of 3P was
found to be most effective in reducing fixed-system loads
for both the low-speed and high-speed conditions. Active
twist amplitudes of 1.1º to 1.4º were obtained for 3P to 5P
twist actuation, with 1000V. Although the 4P blade loads
were reduced using 4P active twist control, there was a
significant increase in the 4P pitch link loads, tending to
counter the affect in the fixed-system. The power neces-
sary to operate the four ATR blades is, at most, less than
0.9%  of the maximum rotor power required during test-
ing.

In [38], acoustic aspects of the ATR blade were studied
and it was found that the largest BVI noise reduction was
provided by 5P control inputs. For rotor operating condi-
tions where BVI noise is dominant, active twist control
provided a reduction in BVI noise of about 3dB. However,
the operating conditions for minimum BVI noise lead to
an increase in low frequency noise of upto 7dB and also
adversely affected vibration levels. In general, these stud-
ies showed that there was a tradeoff between BVI noise,
low frequency noise and vibration levels which need to be
addressed during design of an active twist rotor. Recently,
a review regarding the rotorcraft investigation in the Lan-
gley Transonic Dynamics Tunnel which summarizes
some of the wind tunnel test results conducted on the
active twist rotor was published [39].

In another work, Shin et. al [40] describes system
identification and closed loop control of the ATR system.
They found that the ATR rotor system could be treated as
linear and time invariant and the periodic effects can be
neglected. For the ATR rotor, it was also found that the
transfer functions did not vary much for level flight con-
ditions. Therefore, a single control law could be used to
effectively control the rotor over a wide range of advance
ratios. The closed loop control tests were performed using
the T-matrix approach recast as a continuous time formu-
lation. The objective was to reduce the 4/rev normal shear.
The collective mode of blade actuation was found to be
useful for controlling 1/rev vibrations due to rotor tracking
and was less effective for hub normal shear, whereas effect
of cyclic actuation was found to be much more. For closed
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loop analysis vibration at each time step was measured and
fed back through the control law to adjust the swashplate
input to cancel the vibration. Different gain constants were
investigated. Since it is possible for the controller signal
to exceed the voltage limit of individual actuators, an
anti-windup mechanism was added to each feedback
structure. Results showed that in some flight conditions,
4P vibration was almost eliminated (40 db reduction). The
other components of the fixed system loads at 4/rev were
also reduced, except for the negligible change in yawing
moment.

The studies [35-40] clearly show the potential of active
fiber composites in helicopter vibration reduction. The
wind tunnel results with heavy gas medium allow the
matching of full scale Mach number leading to more
realistic results. Studies also showed that considerable
vibrations could be obtained even if tip twists were less
than the target 1.5-2 degrees.

 

Smart Composite Rotor Modeling

The studies discussed until now were more focused
towards experiments and limited in terms of modeling.
Addressing  this issue, some researchers discussed de-
tailed modeling of smart composite rotors. Chattopadhyay
et. al [41] presented numerical results for a four-bladed
bearingless model rotor with self-sensing piezoelectric
actuators  mounted  at 45  degrees  on  the  top  and  bot-
tom walls  of  the  composite  box-beam  blade.  The com-
posite box  beam  consisted  of Graphite/epoxy in stacking
sequence  of  [-45/45]2s  in  horizontal  walls  and  [45]8
in  vertical   walls.   The  box-beam dimensions were:
length = 7.92m, width = 0.18m and height = 0.05m. The
thickness of PZT was 0.196 mm and the blade had a
rectangular planform with a linear twist of -10 deg.

First, a comprehensive ana1ysis technique was devel-
oped for the analysis of rotor dynamic loads using a
composite rotor blade built around an active box beam.
Second, the model was used to investigate reduction in
hub dynamic loads using closed-loop control. A higher
order theory based approach was used to model the smart
composite beam [42]. In this theory, higher order displace-
ment field was developed to model the individual walls of
arbitrary thickness, in the presence of eccentricity (Fig. 6).
The theory approximates the elasticity solution so that the
beam cross-sectional properties are not reduced to one-di-
mensional beam parameters. It considers inplane and out-
of-plane warping. Because the relationships between the
induced strain due to actuation and the applied electric
field are nonlinear at high voltages, the formulation in-

cludes these nonlinear induced strain effects. For the rotor
analysis, an unsteady aerodynamic model was coupled
with a rotor blade dynamic model to develop an integrated
rotor vibratory load analysis procedure. The rotor dynamic
analysis accounted for deformations in the flap, lag and
torsion directions. A finite-state induced flow model was
used for predicting the aerodynamic loads. The 4P dy-
namic forces and moment at rotor hub were calculated in
forward flight. Parametric studies were also done to assess
the influence of number and location of actuators on the
vibratory load reduction at the hub.

Strain rate feedback was used for structural vibration
control. The feedback actuator voltage was defined with
the help of the current developed from the electric charge.
A finite element formulation was used to implement the
coupled theory. After the induced-velocity coefficients
were obtained, the aerodynamic, inertial, and centrifugal
forces along the blade span were integrated to calculate
the rotor vibratory loads.

 
For maximum efficiency, the distribution of the actua-

tor locations must be closely related to the region of high
strain rate of the vibration modes. Elements 1 (root area
where maximum strain rate occurs) and 5 represent opti-
mal actuator locations for the control of the second flap-
ping mode and elements 1, 3, 4, 9 and 10 (Fig.7) represent
the most effective locations for the third flapping mode.
Because seven modes are involved in the rotor loads
analysis, it was difficult to predict the optimal locations of
the actuators for the control of all hub loads. Thus, two
different cases were studied here. First configuration in-
volved 10 pairs of self-sensing PZT actuators surface
bonded to the horizontal walls of the box beam (elements
1-10) and the second configuration involved 4 pairs of
self-sensing PZT actuators placed on elements 1, 3, 5 and
7. Blade natural frequencies were calculated for both the

Fig. 6  Modelling composite plate with eccentricity
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configurations. Differences were observed in the modal
frequencies and mode shapes of both the configurations,
because of the variation in stiffness, arising due to the
different number of actuators in both cases.

Significant reductions were observed in all hub forces
and moments using active control. A reduction in vertical
shear force of about 50 percent was achieved. In general,
among all six dynamic hub loads, the pitching moment and
the rolling moment contribute most significantly to vehi-
cle vibration. A reduction of about 33% was obtained in
the pitching moment and 30% in the rolling moment. On
comparing both the configurations, a reduction of about
50% in vertical shear force was achieved in the first
configuration (10 pairs) and about 30% in the second
configuration (4 pairs). The power consumed was found
to be 60% lower in the second configuration. This indi-
cated the existence of a nonlinear tradeoff between actua-
tor power and vibration reduction.

 
In another set of important studies on smart composite

rotors, Cesnik and Shin [43] performed detailed modeling
of the active twist rotors with active fiber composites. The
analysis was based on an asymptotic formulation for the
two-cell thin-walled anisotropic active beam [43, 44]. This
formulation stems from shell theory, and the displacement
field (including out-of-plane warping) is not assumed a
priori, but results from an asymptotical approach. It was
observed in case of two celled box beams that increasing

the stiffness in the active members always decreased the
actuation. Two cases were analyzed (Fig. 8); one had a
symmetric distribution of active layers (top and bottom)
and other had an asymmetric distribution. For the asym-
metric distribution; adding passive stiffness at wall 3
decreased the twist actuation, which supports the common
view that twist actuation will decrease with an increase in
torsional stiffness. A change in the stiffness of wall 2 did
not affect the twist actuation. However, by adding passive
stiffness at wall 1, the twist actuation was found to in-
crease. But, for symmetric distribution, twist actuation
was found to be insensitive to the change in stiffness in
walls 1,2 and 3. For both these cases, significant coupling
of active and passive components between both cells was
seen. This coupling was noted to diminish for a single- ell
section. Hence, the behavior in case of two-cell was com-
plex and more realistic than of single cell because of
coupling effects. To illustrate this, two possible single-cell
derivatives of the real airfoil-shaped beam were consid-
ered. One is the configuration in which trailing edge
(fairing) was of very low or zero stiffness, which is known
as D-spar single-cell beam. The other possible model is
one without web, and it is simply called the outer-shell
beam. It was observed that in none of these cases, compa-
rable results with a full (two-section) model were ob-
tained. Either over-or under-prediction was observed in
these cases. By adding plies at the nose and the web, the
twist actuation increases, while it decreases when the
passive plies are added at the active region and fairing. The
torsional stiffness was proportional to the variation in the
wall thickness and the bulk active twist moment increased
on increasing the stiffness in walls, except in the active
regions.

 
In case of a more representative two-cell active beam

with a NACA 0012 airfoil-shape cross- section (Fig. 9),
active regions were the front spar skins with embedded
AFC layers, and all other parts of the blade were passive.
An electric field of 1.795 MV /mm was applied in all cases.
By adding or removing E-glass plies at each region of the
cross-section, the stiffness was varied and a parametric

Fig. 7  Composite box beam configuration

Fig. 8  Configuration of two cell box beams:  (a) asymmetric case (b) symmetric case
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study was performed. They found that there was a possi-
bility of obtaining an increase in twist actuation in the
two-cell model, on adding passive plies at regions other
than the active one (web and nose).

An important conclusion of the study [43-44] was that
the net change in twist actuation in the two- cell active
beam depends. on the local stiffness variation in the active
or passive region. Conventional design belief that tor-
sional stiffness must be reduced to increase twist actuation
was not found to be true. It was shown that torsional
stiffness can be increased up to 20% with an increase in
twist actuation of about 5%. The authors mention that the
single-cell cross-section model is incapable of capturing
the interaction between active and non-active cross-sec-
tional walls and hence is insufficient to predict the per-
formance of multi-cell beams.

In another paper, Cesnik et. al [45] have investigated
dynamic characteristics of active twist rotor (ATR) blades
analytically and experimentally. This paper presents a
general framework to analyze and design active composite
blades with distributed anisotropic piezoelectric strain
actuators, investigates the frequency of an active twist
rotor blade for both non-rotating and rotating conditions
and then correlates the theoretical model with experiments
on the bench and under hover conditions. AFC’s were
used to obtain the required actuation in the experimental
model. This experimental model is discussed in [35, 36].
Overall, the active model was found to be in good agree-
ment with the experiments and therefore could be used to

design  and  analyze  future active helicopter blade sys-
tems.

In another study, Buter and Breitback [46] investigated
the active twist concept using an actively controlled ten-
sion-torsion-coupling of the structure at the DLR (German
Aerospace Laboratory). Tension-torsion coupling is an
anisotropic behavior which appears in structural compo-
nents. It can be realized by properly orienting the blade
stiffnesses. The anisotropic material behavior has to be
separated from the anisotropic structural behavior result-
ing from structural elements like ribs or stringers. The
actuator was integrated inside a composite helicopter rotor
blade. The rotor blade was represented by a tension-tor-
sion coupled thin-walled rectangular beam similar to the
BOI05 model rotor with a scaling factor of 2.54. A piezo-
electric stack actuator was found to be suitable for twisting
the blade and a deformation of ± 1.5 degrees was achieved.
However, a disadvantage of the actuator was the high
spanwise stiffness of the rotor blade spar. The adaptive
twist was achieved using only the outer part of the blade
resulting in a comparatively small control effect. An ad-
vantage of the actuation at only the outer part of the rotor
blade was that the aerodynamic forces were the largest at
that location and it was possible to compensate distur-
bances induced by the flowfield. The active use of blade
deflections also allows the possibility of reducing dy-
namic stall at the retreating blade.

 
Kube and Kloppel [47] discuss the role of predictive

computer programs for the development of smart helicop-
ter rotor. Accurate aeroelastic simulations were suggested

Fig. 9  Configuration of a two-cell airfoil shape beam
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to speed up the development of an adaptive rotor system,
since the number of design iterations during the develop-
ment process needs to be minimized. The key contribu-
tions of this research project were (1) reduce rotor induced
vibrations by 90 percent (2) reduce BVI noise by 6 dB and
(3) expand the helicopter flight envelope by 5 percent. A
comprehensive analysis was developed with accurate
modeling of the rotor dynamics, inflow field and aerody-
namics. The code was validated with wind tunnel test data
and unsteady Navier-Stokes simulations.

Vibrations can be reduced by means of higher har-
monic blade twist variation with NbΩ, (Nb-1)Ω, (Nb+1)Ω
frequencies where Nb is the number of blades and Ω is the
rotor rotational frequency. The BVI noise emissions are
best reduced by means of a blade twist variation with 2P
inputs. Also, the rotor efficiency and blade track can be
optimized by adjusting the steady part of the blade twist.
The tension-torsion coupling method discussed in detail
in [46] was used and realized using a helical winding in
the blade skin. Laboratory experiments showed that a twist
of at least I degree was realizable at the blade tip for a Mach
scaled rotor with piezoelectric actuators. The actuator
mass was 12 percent of the blade mass and was driven with
an electric field of approximately 200V. The BO105 heli-
copter was equipped with an IBC system and noise was
measured at the ground level and on the landing gear.
Results showed that BVI noise can be reduced by up to
6dB using 2P forcing [48-50]. However, these studies with
IBC did not use smart material actuators.

 
In another study, Ghiringelli et. al [51] developed an

analytical procedure for modeling of an active twist heli-
copter rotor using active fiber composites. The rotor blade
was twisted using induced- strain actuators distributed
into the structure of the blade. Active fiber components
made of piezoelectric fibers actuated by inter digitated
electrodes (IDE) was used. Fiberglass was used for the
outer skin and also placed between the piezoelectric plies.
Unidirectional graphite epoxy (T900) was used for the
inner part of the spar. The elastic, inertial and piezoelectric
properties of the blade section were determined by a
dedicated semi analytical formulation. A 4-bladed, articu-
lated rotor was studied in hover and forward flight. The
model was an analytical benchmark full-scale rotor based
on Ref.[52] and is representative of a large class of me-
dium weight helicopter rotors. Frequencies of the simula-
tions were matched with the experimental frequencies.
The aeroelastic anafysis was conducted using a multibody
formulation. The multibody dynamics approach accounts
for the possibility of large rotations, nonlinear aeroelastic

behavior or non-uniform rotation speeds. The rotor blades
were modeled as finite volume beam elements [53] subject
to large displacements and rotations. Strip theory with
dynamic stall, radial flow and Mach number correction
factor was used along with dynamic inflow modeling [45].
This approach allows a detailed analysis of the kinematics
and dynamics of rotorcraft avoiding any undue approxi-
mation in the kinematics of the system, and with the same
order of refinement of a finite element model in the de-
scription of flexibility with reasonable and acceptable
computational cost. However, the aerodynamic model
used in this study was not as sophisticated as the structural
one. An induced tip twist of 2 degrees in the range of  0-5Ω
is achieved. Open loop results showed good possibility for
vibration reduction.

The above studies show improved modeling capabili-
ties for the smart composite structure to predict the behav-
ior of active twist rotor blades. The analytical methods
provide a way to conduct parametric studies on actuator
placement and on the design of the rotor cross section for
obtaining maximum twist actuation. The analyses also
allow the development of control algorithms. The studies
also show the use of monoliths [41-42] placed at 45
degrees on the top and bottom of the box-beam, AFC’s
[43-45, 51] and stack actuators [46-47]. However, it
should be noted that the active twist rotor requires a
complete redesign of the rotor system, with corresponding
complications due to the need to resolve stability, stress
analysis, certification and other issues. According to Kube
and Kloppel [47], active twist using smart materials is a
research concept and it will be some time before it is
feasible for practical implementation.

Blade Vortex Interaction Noise Reduction

Some studies have addressed BVI noise using IBC
concept [48-50]. However, the only study addressing BVI
noise using smart active twist rotor appears to be that by
Chen et. al [55] and the work discussed earlier in [38]. A
linearized unsteady aerodynamics model was derived
from aeroacoustics predictions and validated with CFD
analysis. Three control points were selected on the blade
at 65, 80 and 95 percent of the blade span. The unsteady
loading was minimized at the given control points. Noise
reductions of 2-4 dB were predicted for strong, close blade
vortex interactions and 7-10 dB for weaker interactions.
However, they found that complete unsteady loading sup-
pression was not possible with current technology due to
large stroke and high frequency actuation required. The
authors [55] mention that the development of smart mate-
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rials such as single crystal piezoceramics which have an
order of magnitude of higher stroke capability than present
day materials is likely to result in the capability to almost
completely eliminate BVI noise. Furthermore, there is a
need to develop actuator control strategies based on open
or closed loop pressure feedback which need to be inves-
tigated for realistic implementation. Chen [55] also points
out the problems of cost and manufacturing difficulties
with active fiber composites and the limits of current day
smart materials in terms of stroke.

Induced Shear Mechanisms

All the studies discussed until now used the direct
strain coefficients d31 or d33 piezoelectric coefficients. To
achieve twist, poling is done in the length direction and
voltage is applied in the perpendicular direction. It is very
similar to the concept of bending actuation, except for the
poling direction, which results into producing a twist.

Smith [56] analytically evaluated an induced shear
piezoelectric tube as an active blade twist actuator. This
induced shear actuator had already been investigated for
trailing edge flap models; an effort for developing an
active twist rotor was being pursued in this study. A finite
element model of the induced shear actuator and rotor
blade was used to guide the design of the tube actuator for
both small scale and full-scale rotor blade applications.
The performance of the induced shear actuator was then
compared to NASA/Army/MIT Active Twist Rotor.

 
One advantage of using shear strain in a piezoelectric

actuator is that the piezoelectric coefficient for shear is
higher in magnitude than that for bending or axial. In
addition, in the design aspects, unlike the trailing edge flap
and active tip blade applications, amplification mecha-
nism is not required for active twist rotor. One end of the
actuator tube is clamped to a rib in the rotor blade while
the other end of the tube actuator is attached to the rotor
blade tip. A pre-compressive load must be applied to the
tube actuator to alleviate any tension loading due to cen-
trifugal effects. Possible chord-wise locations of the active
blade twist actuator include the leading edge of the blade
and the 25 percent chord location in the D-spar cavity. The
leading-edge placement was desirable because this will
allow the replacement of the inactive leading-edge
weights with active leading-edge weights. Placement at 25
percent chord was also desirable because it allows for the
most range in the tube radius design and will not shift the
blade center of mass location. The twist performance of
both these actuators was analyzed and compared.

A torsion finite element model of the rotor blade and
induced shear actuator was developed using Lagrange’s
equation to predict the blade twist angle distribution.
Boundary conditions were such that the tube actuator twist
is zero at the actuator clamping near the blade root. It was
assumed that there was no blade twist at the root and blade
twist and tube twist were equal at the tip. Both full-scale
and small-scale applications were investigated. Location
at 25 percent chord was found to be more suitable than the
leading edge location as the actuator torque is a function
of the tube radius to the fourth power, while the tube twist
is related to the tube radius to the first power. Thus, the
drop of torque is more significant than the increase in twist
that results from shifting the actuator to the leading edge.
A full scale active twist tube actuator was designed with
a weight of 1.36 kg (5 percent rotor blade mass penalty)
and a maximum tube radius of 0.89 cm when placed at 25
percent chord location. In case of a small-scale active twist
rotor the weight of the tube actuator was 0.23 kg and a
maximum tube radius of 0.635 cm. The tube was subjected
to an electric field of 4 kV/cm.

 
The induced shear tube actuator runs across 33 percent

of the blade span while the active fiber packs are embed-
ded from 30 percent to 98 percent radius location. The
shear tube actuator has the benefit of generating the blade
twist at a lower applied voltage level when compared to
AFC. The shear tube actuator has an advantage of being
discrete, while the active fiber design requires to be em-
bedded in the rotor blade airfoil skin. Moreover, a discrete
actuator is more accessible for maintenance, inspection,
and replacement than an actuator embedded in the airfoil
skin. One drawback of the tube actuator is the larger
(approximately 1.13 kg) added weight compared to AFC
(approximately 0.127 kg). A key result of this study was
that the finite element analysis indicated that a 121.92 cm
long tube actuator generates a tip twist of ±1.1º  in a full
scale MD900 blade and a 45.72 cm long tube actuator
generates a tip twist of ±1.4º for a small scale blade.

In a recent study, Thakkar and Ganguli [57] studied the
dynamic behavior of rotating isotropic beams with surface
bonded piezoceramic actuators both for bending and shear
actuation. Hamilton’s principle was used to derive the
governing equations for a beam undergoing transverse
bending, inplane bending, torsion and axial deformations.
These equations were solved using finite element method
in space and time domain. Results were obtained for
bending and shear actuation in case of rotating beams with
pretwist and with added periodic tip loads.
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The main aim was to obtain twist in the beams and
thereby in the helicopter rotor blades. Thus, a proof of
concept type study was done on rotating beams for d15
based shear actuation before the investigation in the field
of rotor blades. In the case of beams, 2.66 degrees of twist
was obtained at non-rotating level and 0.35 degrees at 100
Hz. It was found that even at very high rotating speeds,
bending deflection was reducing to zero but a considerable
amount of twist was still obtained.

Further, in another study [58], an extension of thIs
concept was carried out for investigating vibration reduc-
tion in helicopter rotor blades using shear based actuation
mechanism. The model used for numerical analysis was a
two-cell box section and had outer dimensions of 165.1 x
37.0 mm (Fig.10). Piezoceramic actuators were surface
bonded on top and bottom of the host material. For this
configuration smart and non-smart terms in the derivation
are identified and their optimum use was shown. The
objective was to create a torsional moment with the help
of d15 based shear actuation mechanism on the rotor blade
and ultimately generate new unsteady airloads which can
reduce the original vibratory hub loads when properly
phased. For numerical results a four-bladed soft-inplane
hingeless rotor was selected. Numerical results were ob-
tained in forward flight condition at an advance ratio of
0.3. A parametric study was done over the objective func-
tion for 3, 4 and 5/rev vibratory loads. The applied voltage
was active and azimuthally varying. A maximum overall
reduction of around 48 percent at a phase of 250 degrees
was obtained (for a typical case) in the objective function,
which was a measure of vibration reduction. The 4/rev
vibration was reduced by about 48 percent on applying a
4/rev cyclic load with a phase of 250 degrees. A maximum
reduction of 68 percent was obtained in pitching moment,
among all other vibratory loads (Fig. 11).

The studies [56-58] show the possible use of induced
shear actuation for the active twist rotor. The piezoelectric
coefficient d15 is larger than d31 and d33 and increases in
a strongly nonlinear manner with increasing electric field
leading to high induced strains. However, more research
is needed in this area with a realistic airfoil section and
experimental tests are needed to validate the concept.

Operational Issues

 The main idea in the active twist rotor is to cause strain
induced twist in a slender body such as the rotor blade by
inducing shear strains in the beam sections that result in a
global twisting of the structure. The most promising ma-

terials for such applications are piezoceramics which can
be used either in embedded or surface mounted form.
Embedded actuators have the advantage that they are not
exposed to environmental degradation. However, it is
difficult to monitor their condition in case of any prob-
lems. In contrast, surface mounted actuators are easy to
install but can be damaged due to external effects. The
active fiber composites have been widely used for active
twist rotor design. While the piezo fiber composites are
much less fragile than monoliths and are easier to embed
in practical structures, they are also more difficult to
manufacture and are also much more expensive than
equivalent monoliths. Also, there are some issues for
operational use of smart piezoceramics in aerospace struc-
tures that need to be addressed. First is the operational
characteristic of piezoceramic materials in an actual heli-
copter setting that is subjected to considerable variation in
loads, temperature, humidity and other environmental ef-
fects. In addition, damage mechanics, fracture and fatigue
properties of piezoceramics need to be investigated, along

Fig. 10  Cross-section of a two-cell box beam

Fig. 11  Reduction in forces and moments at 4/rev
at phase = 250°, normalised by rotor thrust
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with the damage phenomenon that may occur in such
materials when they are bonded with or embedded with
composite materials that are widely used in aerospace
construction. Some studies in this area are given in [59-
63].

 
Very little work has been .done on the structural integ-

rity of smart materials and structures. However, a good
knowledge of structural integrity is needed for peizoelec-
trics to be used in load bearing structures such as rotor
blades, which are subjected to cyclic loads which can
cause fatigue loading. Early studies looked at mechanical
fatigue of inactive or passive piezoelectric materials or
fatigue of structures with an embedded passive piezoelec-
tric. Crawley and DeLuis [64] found that the ultimate
strength of a graphite/epoxy laminate was reduced by 20
percent when a piezoceramic was embedded in the com-
posite. These studies showed that the integrity of smart
structures was affected by the insertion of sensors and
actuators. Vizzini et. al [65] suggested an approach to
reduce interlaminar stresses by distributing the disconti-
nuity through the thickness.

 
The above studies involve inactive or inert embedded

materials. Selected studies have looked at active embed-
ded sensors and actuators for conditions where mechanical
load and externally applied electric voltage are simultane-
ously applied, a condition known as electromechanical
fatigue [66]. Such investigations are needed for helicopter
rotors with active twist.

In presence of low electric fields and mechanical
stresses, linear piezoelectric models can be used. Recent
research suggests that the linear representation of piezo-
electric strains with electric fields is not accurate at high
electric fields [67-72]. Piezoelectric applications in heli-
copters involve severe loadings and complex geometries
and the assumption of small signals may not be justified
in many cases. This is especially true for the induced shear
effects [70-71]. In general, greater actuation authority can
be achieved by applying an electric field exceeding the
limits of linear piezoelectric constitutive theories. Experi-
mental results showing the nonlinear behavior of the pie-
zoceramics have been obtained and need to be used in
proper structural modeling. The nonlinear behavior of
piezoceramics at higher voitages needs to be accounted for
in modeling and control. The other nonlinear issue in
piezoceramics is due to hysteresis [72-75]. Piezostack
based actuators, for example, can undergo hysteresis
which can cause problems in controller design if the
hysteresis effects are not accounted for in the mathemati-

cal model. Hysteresis is a form of nonlinearity that is based
on memory. There may be multiple possible outputs for a
given input. Furthermore, the hysteresis present in the
piezoelectric "d" constants is also present in the dielectric
coefficients and therefore the capacitance. Unmodeled
hysteresis can lead to inaccuracy in open loop control and
can cause amplitude dependant phase shift and harmonic
distortion that reduce the effect of feedback control. In
summary, it is clear that nonlinear piezoelectric behavior
shows hysteresis and rate effects, depends on the loading
history and cannot be represented by simply adding some
nonlinear terms to the constitutive models of linear piezo-
electricity. Researchers have recently started addressing
the issue of inclusion of the nonlinear electro-mechanical
models into finite element codes and these types of models
can be investigated for inclusion into aeroelastic analyses.

Another issue is the development of control algorithms
that are suitable for implementation in a helicopter rotor,
keeping in mind that helicopters operate in a highly noisy
environment and the fidelity of helicopter models needs
to be much improved. Most of the studies discussed in this
paper use a open loop harmonic controller which is based
on the premise that the BVI noise can be controlled by
giving 2P actuation and the vibration can be controlled by
giving 3P, 4P and 5P actuation to a 4-bladed rotor. The
higher harmonic control methods use a linear transfer
matrix that relates the higher harmonics of the control
input to the harmonics of the vibratory hub loads. How-
ever, the performance of higher harmonic control methods
deteriorates when nonlinearity is present or if the operat-
ing condition differs from those at which the sensitivity
matrix was determined [76-78].

The HHC architectures do not use the fact that piezo-
ceramics can be used as self-sensing actuators and there-
fore, strain rate feedback control strategies can be
employed to obtain closed loop control systems which are
more robust to disturbances. It is best to obtain the con-
troller gains using a high fidelity simulation and an opti-
mization procedure based on minimizing some metric
such as vibration at the rotor hub or fuselage, or BVI noise.
Furthermore, controllers devised using aeroelastic simu-
lations should be fine tuned and gains recalculated using
flight tests. Very few studies have looked at using feed-
back control in helicopters [79-80] or on the stability of
closed loop controllers [81]. Since the helicopter system
equations are periodic, Floquet theory for the stability
analysis of periodic systems needs to be used [82].
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A common aspect in the control design aspects dis-
cussed above is the need for a mathematical model. How-
ever, it is difficult to develop high fidelity models of
helicopter dynamics because the physics of helicopter
aerodynamics and aeroelasticity is not yet fully under-
stood. There is a large uncertainty in the mathematical
description of the helicopter plant and the exogenous
inputs that affect its behavior. The H∞ method of robust
control provides a way to address this uncertainty.

Such techniques have been demonstrated for smart
structures for disturbance rejection and robustness in the
presence of variations in plant parameters [83]. Adaptive
control is another approach in which the algorithm tunes
its parameters based on online observation of the actual
evolution of the system in response to control inputs.
Adaptive methods are capable of correctly responding to
changes in the dynamics of a system during its-lifetime
resulting from damage or wear in the system or from
changes in the environment. However, adaptive control-
lers need a highly structured characterization of uncer-
tainty which can be difficult to obtain for a helicopter [69].
Neural networks have been studied to provide the addi-
tional structure which an adaptive controller needs to
correctly compensate for poorly modeled systems. These
applications have been recently demonstrated in smart
structures [85-86] and helicopter dynamics problems [87].

Since the piezoelectrics draw power from the helicop-
ter electrical system, models are needed for proper power
prediction to help in design of the electrical system. The
power consumption depends on the electrical charac-
teristics of the PZT transducer, namely the capacitive and
resistive behavior of the actuator, which in turn affects
their power consumption characteristics [88-90]. A piezo-
electric actuator can be treated as a capacitor with power
losses. The actual energy dissipated in the capacitor is
small. However, a large current is drawn from the power
amplifier driving the capacitor leading to excessive heat-
ing. This requires bulky and inefficient circuitry which is
problem in applications such as helicopters where com-
pact smart systems with embedded electronics is desired
and transfer of power from the fixed frame to the rotating
frame puts serious restrictions on the slip ring unit. One
approach suggested in [90] to reduce the current drawn
from the amplifier is by using a tuned L-C oscillator
circuit. For a typical helicopter application a physical
inductor turns out to be very large. Therefore, a pseudo-
inductor built using operational amplifiers has been pro-
posed and shown to lead to a reduction in the current drawn
from the amplifier.

Most commercially manufactured piezoceramic actua-
tors are still low stroke and low force devices which limit
the full potential of smart materials applications in aero-
space. As mentioned in [1], an important goal for materials
researchers is to increase displacement capability of smart
material actuators by 300-500 percent. In addition, new
smart materials such as single crystal piezoceramics and
polymeric actuator materials have emerged that have a
stroke of an order of magnitude larger than current piezo-
ceramics [91-92]. These new materials are expected to
greatly increase the applications of smart structures.

Concluding Remarks

The aim of the studies discussed above is to achieve
higher harmonic twist in the entire blade so that new
unsteady loads are generated which cancel existing loads
and vibration reduction becomes achievable. From the
above literature following major points can be noted:

1. Active twist is a feasible concept for helicopter vibra-
tion reduction and can be achieved by (a) Placing
actuators at ±45º on top and bottom with proper
spacing and dimensions (b) With smart active blade
tips attached to the tip of the blade (c) Using active
fiber composites (d) Using stack actuators and (e)
Using induced shear actuators.

2. For a model rotor, vibration reduction has been re-
ported up to 60-95 % with an active of twist 1º -1.5º.
For a full-scale rotor (MD900), active twist of ±1.1º
was obtainable.

3. A two-cell section is reported to be a realistic repre-
sentation of a helicopter blade section. Using a single
cell cross section can result in an inaccurate estima-
tion of torsion stiffness, which plays a very important
role in active twist control.

 

4. Magnitude of vibration reduction depends on the
placement and number of actuators.

5. Open loop control results have been used in many
studies and also for the experimental results. Closed
loop control has been found to be feasible for vibra-
tion applications using model based approaehes. Re-
cently, closed loop tests have also been conducted
with good results. However, the close loop gains need
to be fine tuned using experimental data. 
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6. The belief that reduction in torsion stiffness leads to
increased twist actuation is not always true. Blade
cross section can be designed such that the amount
of twist obtained is maximized. 

7. BVI noise reduction of as much as 6dB can be
obtained using active twist as demonstrated through
flight tests using 2P actuation. Other studies also
show 5P actuation to be useful for BVI noise reduc-
tion. It appears difficult to simultaneously reduce
BVI noise, low frequency noise and vibration.

 
8. Induced shear actuation is a useful concept for vibra-

tion reduction.
 
The above results show that several proof of concept

type of studies has demonstrated the possibility of using
smart materials for helicopter vibration reduction using
active twist control. Efforts have been made to move from
wind tunnel tests to flight tests. Selected studies have
addressed the issues of improved modeling and analysis
which can help in optimizing the blade configurations,
actuator and sensor locations and design of control algo-
rithms.

Finally, while one can be optimistic about the use of
smart materials in aerospace applications, it is necessary
to not get carried away by the hype, which surrounds any
emergent technology. The key problems with active rotor
control are cost, complexity, maintainability, safety and
reliability. In addition, transferring power, either electrical
or hydraulic, to the rotating system is difficult. In addition,
many problems still remain in the successful operational
use of smart structures. However, it is likely that with more
research and development efforts of the engineering sci-
ence community, smart structures. will reach the level of
maturity that composite structures have today in aerospace
applications and will lead to novel engineering designs.
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