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This paper summarises the actual status of the develop-
ment of active control systems which took place in rotorcraft
industry. Helicopter is a specific kind of airship in which
structural, mechanical and aerodynamic complexity appears
more than in other aircraft. But it also offers opportunities
for application of active control systems. Although con-
temporary research on smart structures and active control
are focused on the reduction of helicopter vibration and
noise levels, the developed methodology can be also appli-
cable to augmentation of aeromechanical stability, enhan-
cement of handling qualities, stall alleviation, the minimi-
sation of blade dynamic stresses and rotor head health
monitoring. The majority of research effort concerns the
improvement of main rotor qualities because of its main role
in helicopter aeromechanics.
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1. INTRODUCTION

Nowadays in many research institutes and rotorcraft man-
ufacturers the research focused on improvement of heli-
copter flight qualities and the extension of flight envelope is
underway. The problem is more difficult compared to fixed-
wing aircraft because of the complexity of phenomena ta-
king place during helicopter flight. High vibratory loads,
excessive noise levels, poor flight stability characteristics,
aeromechanical instabilities, high dynamic blade stresses are
typical for previous and contemporary helicopters. Compa-
red to fixed-wing aircraft, helicopters have higher operating
cost, worse ride quality, lower fatigue life of structural com-
ponents. The primary source of all these problems is the
unsteady, complex aerodynamic environment in which heli-
copter operates. Reduction of vibration level and enhance-
ment of helicopters flying qualities has been an objective of
studies [1-116] for several years.

Among various concepts of influencing helicopter rotor
properties (Fig.1.1) application of smart structure with active
control seems to be the most promising approach. Helicopter
rotor blade is an aeroelastic system on which aerodynamic
(A), inertial (I) and elastic (E) loads act. For such systems
control (C) is applied that leads to aeroservoelastic systems
(Fig. 1.2).
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Fig. 1.1. Concepts for influencing helicopter rotor behaviour

Fig. 1.2. The phenomena of aeroservoelasticity

Smart structure technology is a maturing and its various
applications appear in different physical systems. This paper
will review the state-of-the-art on the application of smart
structures technology to rotor systems.
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2. THE CONTROL OF ROTORCRAFT

There are several types of rotorcraft platforms (Fig. 2.1).
They differ by the number of rotors and their placement on
the fuselage. The most popular type of rotorcraft is a single
rotor helicopter with tail rotor. The main rotor is produces
lift, thrust and control moments (Fig. 2.2+2.3).
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Fig. 2.1. Types of rotorcraft aircrafts

Fig. 2.2. The role of main rotor

2.1. The control of the main rotor using swashplate

The rotor is the system of rotating blades connected
together in the hub. The hub allows each blade to rotate indi-
vidually around three axes [1]. The possibility of blade
rotation is assured in different ways. In conventional arti-
culated rotor these rotations are possible due to the system of
three hinges which allow pitching, flapping and lagging of
rotor blade (Fig. 2.4) [1-3].
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Fig. 2.3. The control of helicopter

In hingeless rotors the structure of the hub provides possi-
bility of the same three rotation angles (Fig. 2.4).
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Fig. 2.4. Different types of helicopter hubs

The rotating blade contributes to creating lift, thrust and
control moments (Fig. 2.3). Variation of loads is obtained
via changes of rotor blade pitch angle using swashplate [4]
mechanism, which transfers pilot control inputs to the blades
(Fig. 2.5). The collective control causes the same pitch angle
of all rotor blades. It allows to change the lift magnitude.
The collective control is caused by the swashplate tilt from
the position perpendicular to shaft axis, which also causes
tilt of the rotor thrust. It is obtained by different pitch of rotor
blades as the function of blade azimuth.

Generally rotor blade pitch angle © is changed according
to the formulae:

0=0,+0,sinQt+06, cosQt (D
where:
0, -
0,,0, — cyclic controls.

collective control,

THE APPLICATION OF HELICOPTER ROTOR BLADE ... 165



longitudinal rotating swashplate

cyclic nonrotating swashplate

sliding surface
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Fig. 2.5. An articulated hub and the swashplate

2.2. Passive control to reduce noise and vibration

There are a few passive methods of blade control to
minimise the level of noise and vibrations of helicopter rotor
and to improve its flight qualities. For many years the
methods were based on aeroelastic blade tailoring and the
use of additional passive devices. These measures became
more popular when composite rotor blades were put into
service.

Acroelastic blade tailoring is achieved by changes of
blade shape and blade dynamic properties. Both methods
depend on non real-time changes made not in the flight but
in manufacturing. In the first method the changes of:

¢ blade airfoils,
» the distribution of blade airfoils along the blade,
* blade twist

are selected during the design of rotor blade. The proper
rotor blade dynamic properties are obtained by selection of
mass distribution and stiffness in the blade along the span
and the chord. Such changes are made mainly for specific
flight conditions, (for instance for maximal forward flight)
and may be not effective for other flight conditions.

Additional passive mechanism such as dumpers [5] are
also used for many years. They are places mostly on the
rotor hubs. Their effectiveness in the minimising of noise
and vibrations of helicopter rotor is not substantial.

2.3. Active control of helicopter

Active (or additional) control is the most promising way
of the minimising of the level of noise and vibrations of
helicopter rotor and improving its flight qualities [6, 7].
Active control counteracts detrimental acromechanic phe-
nomena, in the way adjusted for actual flight conditions In
smart systems active elements can work both as sensors and
actuators.

There are many places where the elements of active con-
trol system can be placed. (Fig. 2.5, 2.6). Usually they are
applied to rotor blades as actuators (and sensors) where they
modify rotor blade geometry and its pitch angle. Sensors of
active control system can be mounted also in the fuselage
[8], undercarriage, engine, avionics [9]. Such an array of
sensors (in HUMS systems) allows monitoring in-flight all
important parameters which results in the increase of flight
safety and in the simplicity of maintenance.
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Fig. 2.6. Application of smart structures and active control in he-
licopter

The first active control systems [10] were used in heli-
copters to minimising the level of noise and vibrations. Such
a system does not counteract adverse conditions but limit
their effects. Actuators in these systems are mounted on
different parts of fuselage.

2.3.1. High Harmonic Control (HHC)

The first idea of additional control consisted in the modi-
fication of the changing of rotor blade pitch angle by adding
excitation of pitch angle at frequencies higher than 1/rev.
This idea of active control is realised by using additional
mechanical system of push rods connected to conventional
swashplate causing additional tilt of its plane with higher
frequencies. This kind of active control known as High
Harmonic Control (HHC) acts on all rotor blades simulta-
neously; blade pitch angle © is described as:

0=0,+HHC+
+(©, + HHC)sinQt + 2
+(©, + HHC)cos Qt

where HHC is the modification of rotor blade pitch angle
made by active control system.

2.3.2. Individual Blade Control (IBC)

That idea of Individual Blade Control (IBC) is similar to
High Harmonic Control — adding to blade pitch frequencies
higher then 1/rev. The fundamental difference is that addi-
tional changes of blade pitch angle are controlled indivi-
dually for each blade. In IBC local pitch angle ® of a blade
is described as:

0=0,+0,sinQ¢+

3)
+0, cosQt+ IBC

where /BCis the modification of rotor blade pitch angle by
components of active control system.

166 PRACE INSTYTUTU LOTNICTWA Nr 184 — 185



Control in HHC and IBC is realised using hydraulic and
electromagnetic actuators [11].

2.3.3. Smart rotor

The application of smart systems adapting rotor to actual
flight conditions is a new approach.

The rotor loads which result from the influence of ele-
ments of additional control system can be divided into two
groups (Fig. 1.1):

* dynamic loads (changing of stiffness and damping),
» aerodynamic loads (changing of airfoil shape and adjust-
ments of rotor blades or their parts).

The control of rotor blade dynamic loads may be obtained
through:
 application of active elements mounted in the rotor blade

[12-14],
+ active changes of damping and/or stiffness of rotor hub

or blade [15, 16].

Active piezoelectric elements mounted in the inside the
rotor blade are used to influencing on the stiffness and
damping of that section of the rotor blade.

The aerodynamic loads of rotor blade may be controlled by:
 variation of the pitch angle of rotor blades,
 variation of the rotor blade shape,

+ using additional elements mounted in or on the rotor
blade.

Changes of the pitch angle of all rotor blades (Fig. 2.7)
can be realised by using:

+ additional active push rod in rotor blade pitch angle con-
trol system,

+ additional active elements mounted in inboard blade
section [17, 18].
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Fig. 2.7. Ideas of changes of pitch angle of rotor blades

Changes of rotor blade geometry can be obtained via chan-
ges of [19]:
* blade twist angle,
* blade shape along the span (bending),
+ airfoil geometry.

These methods may be realised by using active elements
embedded into blade spar (Fig. 2.8).
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Fig. 2.8. The idea of changes of bending line of blade

./ _bending elements
in rotation plane

The most effective method is changing blade twist angle
along the span [20]. It can be obtained by adding twisting
shaft inside rotor blade or by using the set of active elements
on the surface of rotor blade (Fig. 2.9).

hub spar active shaft coating

piezoceramic elements
7 G1195 at 45°

NACA 0012 profile
Fig. 2.9. The idea of changes of blade twist angle

Other methods of changing blade airfoil shape are based
on application of actuators deforming the trailing part of bla-
de airfoil or the camber line. The actuators are made mostly
of piezoelectric elements [21] or shape memory alloys
(SMA) [22+25] (Fig. 2.10).
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Fig. 2.10. The idea of changes of airfoil geometry

Aactive element can be mounted at the leading or trailing
edge of rotor blade. The second concept was described in
many papers [26-46], tested in wind tunnel on rotor blade
sections, the complete rotor blade and recently was used in
helicopter [47] flight tests. The mechanism of actively con-
trolling trailing edge consists of (Fig. 2.11):

* piezoelectric actuator — various types of multilayered
piezoelements, piezostack actuators,

* mechanical ‘amplifier’ connected with actuator, multi-
plying the extension of the actuator,

+ the mechanism changing actuator extension into flap
deflection,

+ flap.
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Fig. 2.11. Trailing edge flap with piezoactuator

The selection of the method for blade active control depends
on the dynamic properties of the blades. In case of the
application of additional control elements, i.e. piezostack
actuators with trailing-edge flaps, mounted inside the rotor
blade the stiff blade should be used. In case of the
application of piezocomposites or piezo-sheets mounted
on/in outer layers of rotor blades and causing its twisting or
bending the blade should be deformable.

3. SMART MATERIALS

3.1. Piezoelectric materials

In piezoelectric material the strong coupling between
mechanic loads and electric voltage exists (Fig. 3.1) [48+55].
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Fig. 3.1. The change upon poling in a piezoelectric material
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Piezoelectric materials can generate an electric charge
when they are mechanically deformed (and, reciprocally,
deform when applied an electric charge) are described (in
Greek, the word piezein means to press). In nature some
materials exhibit weak piezoelectric properties, i.e. natural
quartz or human bone.

However, specially manufactured ceramics exhibit piezo-
electric properties in such intensity, that they may find engi-
neering applications.

Fig. 3.2. Various types of piezoactuators

Piezoelectric materials can be appled as piezosensors if it
can generate electric voltage when it is subjected to a load
(straight piezoelectric effect). It can be also used as
piezoactuator, if it can change its volume (especially length
in extenders) or shape (in benders) when the electric voltage
is applied (reverse piezoelectric effect).

There are many types of piezomaterials and
piezoelements in the market. Many of them are made in
large quantities, so their prices are not high [54-60] (Fig.
3.2).

3.2. Shape Memory Alloys

A Shape Memory Alloys (SMAs) (also known as memo-
ry metals or smart wires) are metallic alloys which can re-
cover permanent strains when they are heated above a cer-
tain temperature [56-61].

There are a few types of shape memory materials:

* thermally-responsive,
» ferromagnetic responsive,
» shape memory polymers.

Anstenite
+ High temperature phase
« Cubic Crystal Structure

Martensite

* Low temperature phase
+ Idonochinic Crystal Structure

Twinned hatensite

Fig. 3.3. Crystallographic phases of SMAs
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The characteristic feature of all SMAs is the occurrence
of a martensitic phase transformation (Fig. 3.3). The mar-
tensitic transformation is a shear-dominant diffusionless
solidstate phase transformation occurring by nucleation and
growth of the martensitic phase from a parent austenitic
phase. When an SMA undergoes a martensitic phase trans-
formation, it transforms from its high-symmetry, usually
cubic, austenitic phase to a low-symmetry martensitic phase,
such as the monoclinic variants of the martensitic phase in
aNiTi SMA.

The nickel-titanium alloys were first developed in - by the
and commercialized under the trade name Nitinol (an acro-
nym for Nickel Titanium Naval Ordnance Laboratories).

The range of applications for SMAs has been increasing
in recent years, with one major area is medicine: an example
is development of , that exert a constant pressure on the
teeth. There have also been studies on using SMA in robo-
tics. Weak point of this technology is energy inefficiency,
slow response times, and large .

Metal alloys are not the only thermally-responsive ma-
terials, as shape memory polymers have also been develo-
ped, having become commercially available in the late
1990’s.

There is another type of SMA called (FSMA), that
change shape under strong magnetic fields. These materials
are of particular interest as the magnetic response tends to be
quicker and more efficient than temperature-induced
responses.

4. TYPES OF SMART ROTORS

There are two main approaches in building smart rotor

[39, 40, 62+116]:

+ blades with piezocomposites causing its twist along the
span,

* blades with trailing edge flaps powered by various active
actuators (SMA, piezobenders, piezostack actuators).

4.1. Controllable rotor blade twist generated
by embedded piezoceramic actuators

Controllable rotor twist can be obtain by:
* piezoactuators embedded in rotor blade,
* using piezocomposites.

The example for the first way is the smart four-bladed
rotor model was built for Boeing-ITR tests [63+65]. The
NACAO0012 blade was made by laminating 10 mm pre-preg
fibreglass cloth plies around a foam core at angles 0°/90° in
molds. There were used single-layer and double-layer actu-
ators (PZT-5H manufactured by Morgan-Matroc), which
were grouped in banks of five elements at angles of +45°
respectively on the top and bottom surfaces of the blade (Fig.
4.1). During wind tunnel experiments the twist of blade tip
of £0.4° caused by piezo actuation was obtained. That con-
cept was later used in full-scale Sikorsky UH-60 rotor
system [65]. Application of piezoelements caused conside-
rable weight increase of 16% of blade weight and bigger tip
twist of £1-2° was measured (caused by piezo actuation).

Leading edge
weights

PZT-5H Piezoceramic
crystals oriented at 45
degrees (-45 degrees on
bottom surface)

Rohacell rigid foam

.5 chord

NACA 0012 Airfoil Section

Fig. 4.1. Controllable blade twist generated by embedded piezo-
ceramic PZT-5H actuators

Another concept [66-70] is based on using piezoelectric
active fiber composites (AFC) embedded in composite rotor
blade structures. The active fiber composite actuator utilizes
interdigitated electrode poling (IDE) and piezoelectric fiber
composites (PFC), as shown in Fig. 4.2.
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ly along 1-
direction

Fig. 4.2. Active Fiber Composite (AFC)

section through 1-3 plane

This combination results in a high performance piezo-
electric actuator laminate with strength and conformability
characteristics greater than that of a conventional monolithic
piezoceramic. The high conformability of the actuator pac-
kage allows it to be embedded easily within nonplanar
structures, much like a traditional composite ply.

Boeing, Sikorsky and the Massachusetts Institute of Tech-
nology sponsored by the Defense Advanced Research Pro-
jects Agency (DARPA) have successfully completed a pre-
liminary hovering flight test of a single model rotor blade
incorporating AFC twist actuation (Fig. 4.3+4.5). Results
from this test were used to design a four-bladed 1/6 scale
Boeing CH-47D Chinook rotor system (ATR — Active Twist
Rotor) to examine the performance of the AFCs under full-
scale loads (Fig. 4.6). During tests of rotor model the tip
twist of £1.4° was measured. The application of AFC cau-
sed considerable weight increase of 20% of blade weight
[66+70].

active laminate detail:
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Fig. 4.3. Active Fiber Composite in ATR
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Fig. 4.4. Active Twist Rotor (ATR) blade
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Fig. 4.5. Active Twist Rotor (ATR) blade

Fig. 4.6. ATR in wind tunnel

4.2. Trailing-edge flaps actuated with piezo bimorphs

Another idea of the trailing-edge flap actuation is the using
of a piezo bimorph. It is a bending actuator consisting of
piezoceramic (PZT) sheets, bonded on both sides of a very
thin brass shim with an electrically conducting adhesive
coating. The example of a mechanism with the bimorph
clamped at one end is presented in Fig. 4.7.

Bimorph

7)) _a— Cantilevered Bimorp|

0
Mechanical Linkage ——>

Fig. 4.7. Bimorph actuator in rotor blade section

When equal but opposite electric charges are applied to the
PZT sheets, a pure bending of the bimorph occurs. It is a
compact actuation device and it generates a small actuation
force. The flap is located near the tip of the blade (Fig. 4.8)
and is 20% chord wide. The blade uses NACA 0012 airfoil
and has the chord of 0.075 m. The rotor is 1.8 m in diameter.
Experiments were made on two - or four-bladed scale rotor
models (ITR-Boeing simulations) [39, 40, 71].

Fig. 4.8. Main rotor blade with flap actuator near the tip

Another system of mechanical hinges and linkages was
used to the amplification of the bending of elements at the
tip to cause larger flap rotation (Fig. 4.9) [39]. Commercially
available two-layered G-1195 bimorphs were used and
tested on two-bladed rotor model. The maximum flap
deflection amplitude obtained was £7° for non-rotating rotor
and £1° in case of rotation of 900 rpm in hover.

Rod Cusp Flap

St
N

Piezoelectric Bender Flap Hinge Axis

Fig. 4.9. Piezo bimorph flap actuation system

The application of improved clamping of bimorph actu-
ator (Fig. 4.10) allow the increase of the maximum flap
deflection amplitude up to +8° in case of rotation of 900 rpm
in hover [72].

Fiber glass block

> Clamping screws

Clamp plate) — > aluminum anchor plate

Bimorph

W,

Fig. 4.10. An improved version of bimorph clamping

The increase of the number of piezo layers caused the
further increase of the maximum flap deflection amplitude
[72].

In case of a 8-layered tapered piezo bimorph actuator, the
maximum flap deflection amplitude increased up to +6° in
case of rotation of 2150 rpm in hover.

Such an actuator was used in a four-blade rotor model
(Fig. 4.11) with Mach scaled hub of Bell-412 [38, 71,
73+76]. The rotor was 1.8 m in diameter. This model was
tested in a vacuum chamber but it showed the degradation of
performance at 2000 rpm. The maximum flap deflection of
+ 3.2° was achieved.

RohacelFoam Core + Fiberglass Skin

8-layer ed, Piezo electric Bender

Aluminum Root Insert
Trailing-Edge Flap

Graphite Epoxy Spar
Tensile Strength = 3800 Ibs

Rib Cage

LE edge weights
for mass balancing

Fig. 4.11. The blade of a four-bladed rotor model (Bell-412)
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Fig. 4.12. Bell-412 four-blade rotor and fuselage model in the
Glenn L. Martin wind tunnel

A two-bladed rotor model with the same hub was tested
in hover. This model achieved £6° to £10° flap deflections
in case of 1850 rpm and over oscillatory thrust [71, 73].

Bell-412 four-blade rotor and fuselage model was tested
in the wind tunnel (Fig. 4.12) [74]. Flap deflection of +4° to
+5° were achieved at 1800 rpm.

4.3. Trailing-edge flaps actuated
with piezostack actuators

Piezoceramic stack actuators are often used as a high
force and a relatively small displacement devices [48-55].
They are composed of the set of thin piezoceramic layers
(sheets) (Fig. 4.13) connected together by conductive adhe-
sive. Voltage is applied to the electrodes on both sides of the
stack.

Piezoceramic
element

QT T
S

nmmnnmllmnl""“
R 2

Conductive
Adhesive

Fig. 4.13. Piezostack actuator (Physik Instrumente)

Because of small displacement of piezostack actuators
mechanical amplification is applied. The most common idea
in mechanical amplification is the application of an arm.

First device, called L-arm [38, 74-78] was used in wing
model (Fig. 4.16+4.18) which has the chord of 0.2 m and the
span of 0.25 m. A single flap has the chord of 0.04 m and the
span of 0.1 m. There are two high-voltage (1000 V) piezo-
stack actuators bonded together back to back installed. Their
free displacement is 1.5 mm, amplified 10 times. The measu-
red value of free displacement was 10 mm (15 mm cal-
culated). The linear motion of the piezostack actuator was
converted to rotary motion of flap using a hinge mechanism.
That model was tested in a wind tunnel. The flap amplitude
was +3° when the flow velocity was 0 m/s and +1.5° when
velocity increased to 40 m/s.
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Stack Contact
Connecting Pin

Point
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Side
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Stack
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Steel Insert Support

Pushrod Guide
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Fig. 4.14. Stack and L-arm arrangement
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Fig. 4.15. Piezostack actuator with integrated L-arm mechanical
amplification

Displacement
from the stack

Elastic hinge

Push rod
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Rod Sleeve

Fig. 4.16. Wing with trailing-edge flap and L-arm amplification

The amplification mechanism was designed for Boeing
MD-900 Explorer [79-81]. It was based on 5 stack actuators
and a new double-lever (L-L) amplification mechanism (Fig.
4.17) which was the developed version of L-arm ampli-
fication. A wing section model of chord 0.3 m and span 0.3 m
with the flap of span 0.1 m and chord 0.075 m was built (Fig.
4.18, 4.19). The maximum flap amplitude was from +4° to
+20° depending on excitation frequency at the flow velocity
of 40 m/s [81].

Fig. 4.17. L-L amplification mechanism
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Push rod
& Linkage

Fig. 4.18. Wing section with trailing-edge flap and L-L piezostack
amplification system for Boeing MD-900 Explorer

Push rod

Flap Hinge
Fig. 4.19. The actuator/flap push-rod attachment

The other amplification mechanism [82, 83] was desig-
ned for Boeing MD-900 Explorer five-blade rotor system of
11 m in diameter. This actively controlled rotor was used for
vibrations, noise and performance tests. The new amplifi-
cation system was based on 4 piezostack actuators (piezo-
ceramic/lead magnesium niobate stack, low-voltage, co-fi-
red PMN:PZ by Xinetics). The large deflection was supplied
by bi-axial arrangement of two long stack columns operating
in push-pull mode in conjunction with L-shaped lever and
flexural mount (Fig. 4.20). The expected flap amplitude of
+ 4° at excitation frequency 40 Hz was not realised.

Piezo Stacks (4)

2nd Suge Ampl,
w Flexure

Ol O

1st Stage Amplification
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Fig. 4.20. Bi-axial piezostack flap actuator

The next type of discrete trailing-edge servo-flap actuator
called X-frame actuator (Fig. 4.21+4.23) was designed for
the 1/6th Mach scale rotor model of Boeing CH-47D
Chinook [84+87].
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Output Piezostack
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Actuator
Platform

Fig. 4.21. X-frame actuator

The actuator consists of two active high-voltage piezo-
stacks and two criss-cross frames. Amplification is achieved
via shallow angle arrangement. During tests at the tip Mach
0.63 and 8° collective pitch, oscillatory flap deflections
+2.4° were achieved for excitation voltage of £1000 V. The
actuator was tested in full-scale rotor system of MD-900
Explorer and scaled rotor model of Eurocopter EC-135.
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Fig. 4.242 The schema of control system with X-frame actuator
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Fig. 4.23. X-frame actuator in CH-47D rotor blade

Similar mechanism composed of piezostack actuator was
also used in [88, 89] to control leading-edge flap.

Similar mechanism was used by ONERA and Eurocopter
during their experiments. They used low-voltage (200 V)
piezostack Cedrat actuator APA (Amplified Piezo Actuator)
series (APA230, APAS00L, APA750X) [45+48]. These
actuators have the shape of composite frame (elliptical) (Fig.
4.24) which allows to be centered easier than X-frame or
L-L frame actuators.

Fig. 4.24. Amplified Piezo Actuator (APA) actuators from Cedrat

The segment of Rotor f Pales Actives (RPA) blade (Fig.
4.25+4.28) was built. During experiments the flap deflec-
tions of -2.5°+3.5° were measured.
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Fig. 4.25. The Rotor i Pales Actives (RPA) blade with flaps actu-
ated by APA

A

Rotor Blade

Actuator

Fig. 4.26. The Rotor i Pales Actives (RPA) blade with flaps actu-
ated by APA

Recently full-scale rotor (Fig. 4.27, 4.28) was build by
Eurocopter and tested in hover stand and in flight (Euro-
copter BK-117).

Fig. 4.27. Eurocopter BK-117 smart rotor in test stand

Fig. 4.28. Eurocopter BK-117
with smart rotor

4.4. Trailing edge flap actuated with
magnetostrictive actuators and
extension-torsion coupled composite tube

The idea of using the extension-torsion coupled com-
posite tube [90, 91] working in conjunction with magne-
tostrictive actuator was also tested. (Fig. 4.29).

Trailing edge
flap

Extension-Torsion
coupled composite
tube

Magnetostrictive
Actuators

Fig. 4.29. Rotor blade with trailing edge flap actuated with mag-
netostrictive actuators and extension-torsion coupled composite
tube

The extension-torsion coupled composite tube was sub-
jected to an axial force generated by a magnetostrictive
actuator that induces the twisting of the tube. The extension-
torsion coupled composite beam was built by wrapping
angle plies resulting in an antisymmetric ply lay-up with
respect to the beam axis. To utilise the extension-torsion
coupling of the composite tube, the magnetostrictive actu-
ator must be attached to the tube in such a way that both
twist and axial strain is permitted freely (Fig. 4.30). During
tests Kevlar-epoxy tube / piezoelectric stack systems of
0.5 m length generated +£5.2° of flap deflection. Such a sys-
tem can be used for vibration control but because of poor
overall structural efficiency of extension-torsion coupled
tubes appears less useful than other actuation systems.
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Fig. 4.30. Schema of composite tube and magnetostrictive actu-
ator assembly

4.5. Trailing edge flap actuated with
piezoceramic actuators and tailored
bending-torsion coupled composite beam

A piezo-induced bending-torsion coupled composite
beam was also used for trailing-edge flap deformations (Fig.
4.31) [92] or twisting the blade tip (Fig. 4.32) [93+95].

Blade Root Blade Tip

1/4 Chord Inboard

Anchor

Leading Edge
Weights

Integral Beam-Flap
Connection

Piezo-Induced FLAP
Bending-Torsion
Actuator Beam

Fig. 4.31. Trailing edge flap actuated with piezoceramic actuators
and tailored bending-torsion coupled composite beam

Outboard
Bearing

Actuator Axis

Actuator Beam

Active Tip: deflected nose-up, &

Fig. 4.32. Blade tip actuated with bending-torsion actuator

The beam is divided into the number of spanwise seg-
ments with reversed bending-torsion coupling for each suc-
cessive segment. the same piezoceramic actuators are bon-
ded on each beam segment on the top and bottom surfaces
resulting in an equivalent bimorph unit (Fig. 4.33). An exci-
tation generates a sinusoidal spanwise bending, where as
induced twist is additive in the spanwise direction.

a) Top View of Actuator Beam

Chord direction, y

roor T

Active Unit:
#12A  #2 #3 #... #7 #38

#1/2B

b) Section A-A
PZT: Polarity ' PZT: Polarity +
e e (4504 R —
PZT: Polarity ' PZT: Polarity +
Fig. 4.33. Composite bending-torsion beam

A 2-bladed Mach-scaled rotor model with blades with
flaps at 90% of radius was tested and the maximum flap
deflection of + 4° was achieved.

A 4-bladed Mach-scale rotor model with hub of Bell-412
[94, 95] with 10% tip was tested. For an 125 V actuation the
measured tip deflection was between £1.2° and +1.6° (Fig.
4.34).

c) Section B-B

Fig. 4.34. A 4-bladed Mach-scale rotor model with hub of Bell-
-412 with 10% tips

4.6. Shape Memory Alloys actuators

Shape Memory Alloys (SMA) can generate the biggest
forces from all smart materials but they work with the fre-
quencies of order of 1 Hz which limits their application to
the static case. The strains can be quite large, i.e., in case of
moderate increase of Nitinol temperature up to 120°F the
deflection can be even 6% [96+101].

The potential application of SMA in aerospace systems
may be to adjust trailing-edge trim-tab of a helicopter rotor
for in-flight tracking.

Few concepts of using of SMA were investigated. Two
SMA rods deflecting a blade airfoil (Fig. 2.10, Fig. 4.35)
were used: the first one as actuator, and the second one as
a restoring spring. There were the concept of using SMA
plates (Fig. 4.36) [102, 103] or beams [104+108].

SMA Wire
Fig. 4.35. SMA rods in rotor blade
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Using SMA wires the segment of rotor blade with con-
trolled trailing-edge flap was built. The flap was deflected by
the system of from 2 to 5 Nitinol wires of diameter 0.005 m
(Fig. 4.37, 4.38). During the tests the tab deflections of 20°

were obtained in wind tunnel when a inflow was 40 m/s
[109+111].

Fig. 4.36. SM A plates on rotor blade

Insulation
Material

Top Wire

SMA Wire Activated

Fig. 4.37. Blade with SMA wires

g

Activated

SPAR
SMA CLAMP

Internal RIB

Hinge Tube
Assembly

Potentiometer

Fig. 4.38. The segment of rotor blade with 3 SMA wires

SMA Trim Actuator (SMART) was used for actuating of
trailing-edge flap on Boeing MD-900 Explorer (Fig. 4.39)
[112+116]. It was used to adjust trailing-edge trim-tab on a he-
licopter rotor for in-flight blades tracking. Also a doubled
X-frame piezostack actuator deflecting a trailing-edge flap
was used for blade active control for noise and vibration
(Fig. 4.40).

TAB ACTUATOR

FLAP ACTUATOR

MDS00 HEL [COPTER

ACTIVE CONTROL FLAP,
NOISE AND VIBRATION
COMPOSITE BLADE ASSY

TRIM TAB,
IN-FLIGHT TRACK ING

HHI10 AIRFOIL SECTION

FLAP ACTUATOR
T
/°TAB ACTUATOR

BLADE CROSS-SECTION

Fig. 4.39. MD-900 rotor blade with control surfaces actuated by
SMART and X-Frame
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Flap Support Structure G

|—> A s

8 l J

SECTION A-A Fie

Fig. 4.40. Doubled X-frame actuator controlling a trailing-edge
flap in MD-900 rotor blade

The trim-tab was located at 72% radial position and was
deflected by SMA torsional actuator developed by Memry
(Fig. 4.41). The locking mechanism was designed to keep
the tab in position without power to the actuator. It was
designed to undergo +£7.5° in steps of 0.25°.

Actuator Mounts

SMART Trim Actuator

Trim Tab

Drive Subsystem

Fig. 4.41. SMART Trim Actuator used for deflecting of trim-tab
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ZASTOSOWANIE UKEADOW AKTYWNEGO
STEROWANIA LOPAT WIRNIKA NOSNEGO
SMIGLOWCA W REDUKCJI HALASU I DRGAN
ORAZ POPRAWY OSIAGOW

Streszczenie

W artykule przedstawiono mozliwosci wykorzystania
aktywnego sterowania topat wirnika no$nego $miglowca do
redukcji hatasu i drgan oraz poprawy osiagdéw. Prace w za-
kresie opracowywania nowych, cichych i efektywnych pod
wzgledem osiagéw aerodynamicznych i sterowania wirni-
kéw nos$nych $migtowcow sa prowadzone praktycznie przez
wigkszo$¢ o$rodkéw badawczych oraz wytworcow $Smig-
lowcow na §wiecie. Wiasnosci wirnika no§nego w najwigk-
szym stopniu decyduja o parametrach eksploatacyjnych ca-
lego $miglowca: osiagach, manewrowosci, poziomie drgan
1 hatasu, jakoS$ci sterowania, itd. Jednym ze sposobow popra-
wy osiagéw wirnika nosnego jest zastosowanie ukladu
aktywnego sterowania topat wirnika nosnego $migtoweca.
Badania nad takimi rozwiazaniami sa obecnie prowadzone
przez przemyst lotniczy na $wiecie (Eurocopter, Boeing)
(rys. 1). Sa one takze tematem projektéw w ramach europej-
skich programow badawczych (FRIENDCOPTER). Uktady
aktywnego sterowania s3 konstruowane z wykorzystaniem
roznorodnych materialow inteligentnych, ktore dziataja jako
czujniki i/lub sitowniki, co pozwala na szybkie dostosowa-
nie sterowania do zmieniajacych si¢ warunkow pracy stero-
wanego ukladu. Najczesciej stosowane materialy piezoelek-
tryczne sa wbudowywane w konstrukcje topaty jako modutly
z piezositownikami lub piezokompozyty. W zaleznosci od
sposobu zabudowy wielkoscia sterowang jest kat wychyle-
nia klapki lub odksztalcanie segmentu topaty w celu zmiany
jego kat skrecenia. W zalezno$ci od miejsca zamocowania
materialow inteligentnych aktywne sterowanie dotyczy catej
lopaty lub tylko jej zewngtrznej czgsci.
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[MTPUMEHEHUWE CUCTEM AKTMBHOTO
YITPABJIEHUS JIONACTEN HECYIIIETO
BUHTA BEPTOJIETA VI YMEHDBIINEHNA
ITYMA 1 KOJTEBAHNT, A TAK)KE
YIYUYHIEHNA XAPAKTEPUCTUK

Pestome

B cratbhe mpejcTaBieHa BO3MOKHOCTD KCIIOJIb30Ba-
HUA aKTUBHOTO YIIPpAaBJIEHUA JIomnacTen HEeCyHiero BUHTa
JUISI YMEHBIIEHUS IIyMa B KOJIeOaHuil, a TaKKe yrydlie-
HUS XapakTepucTuk. PaboTsl B 06acTut pa3paboTKu HO-
BbIX, TUXUX U 3(1)CI)GKTI/IBH])IX B OTHOIIEHUHW ad9pOANHAMMI -
YECKUX XapaKTEPUCTUK W HaIllPpaBJE€HUA HECYIINX
BUHTOB BEPTOJIETOB MTPOBOISITCS MPAKTUYECKU B 0OJIb-
IIMHCTBE WMCCJIEA0BATENbCKUX IIEHTPOB U BEPTOJIETO-
CTPOUTETHHBIX 3aBOJ0B B Mupe (1-5). CBoiicTBa Hecy-
[Iero BUHTA B HauboJieliell CTENeHU OIMPEAEISIIOT
HKCILTyaTallMOHHbIE TAPAMETPHI BEPTOJIETA B I[EJIOM:
XapaKTEePUCTUKU, MAHEBPEHHOCTbh, YPOBEHb KOJieOaHMil
U IIyMa, KauecTBa yrpasieHus u T.1. OJHUM U3 CII0CO-
GOB YJIYUIIIEHUST XAPAKTEPUCTUK HECYIIETO BUHTA SIBJISI-
eTcsi MPUMEHEHNe AaKTUBHOTO YIIPABJIEHUS JIOTIACTEN

Hecy1iero BuHTa. VccieqoBanusi TakuX peleHuit mpo-
BO/JISITCSI B HAacTOsIIIlee BpeMsi B MUPOBOM aBUAIIPOMBITII-
sennoctu (Eurocopter, Boeing), ¢ur. 1. Onu sBasiorcs
Take TeMOH IPOeKTOB B PaMKaX €BPOIEHCKNX nccie-
nosarenpckux mporpamm (FRIENDCOPTER). Cucre-
MBI AaKTUBHOTO YIIPABJIEHUST Pa3pabaThiBAIOTCA C TIPUMeE-
HEHUEM Pa3HOOOPA3HBIX MHTEJJIMTEHTHBIX MATEPUAIIOB,
KOTOpBIe JIEHCTBYIOT KaK JAaTUYUKUA 1/UJIU CEPBOMOTOP,
4TO JIAeT BO3MOXKHOCTH OBICTPO MPUCITIOCOOIMBATH
yTIPaBJIEHUE K U3MEHSIOIIIUMCSI YCIOBSIM PabOTHI yIIpaB-
ssieMoii cucreMbl. Hanbosiee yacTo puMeHsieMble Ibe-
303JIEKTPUYECKHEe MaTepHasbl BCTPAUBAIOT B KOHCTPYK-
1IMIO JIOTIACTU KaK MOJYJIU C Ibe30CePBOJ[BUTATEISIMU
b0 The30KOMIIO3UTHL. B 3aBHCHMOCTH OT crocoba
BCTPOMJIN yIIPaBJIsIeMON BEJWYMHOW SBJISIETCST YTOJI
OTKJIOHEHUsI MIUTKA JO0 JHeOopMaIisi cerMeHTa Jio-
TaCTH C 1IeJIbI0 U3MEHEeHUs ero yria cKpyTKu. B 3aBu-
CUMOCTH OT MeCTa KpeIJIeH!s] MHTeJJIMTeHTHBIX MaTe-
pHAJIOB aKTHBHOE YIIpaBJeHue KacaTcs 11eJI0H JIOacTh
WJIA TOJIBKO e€ BHEIITHEel yacTu.
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