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Abstract

A collaborative programme is underway to
explore the potential of the individual blade
control (IBC) technology with regard to two
aspects: Control laws are developed and
evaluated in flight using an existing blade roct
control system. In a parallel activity, a smart
actuation concept with trailing edge flaps is
developed and investigated in a wind tunnel lest.
This paper focuses on the development, bench
testing and wind tunnel evaluation of the trailing
edge flaps driven by a piezoelectric flap control
unit.

The activities within the development process
comprise the aerodynamic layout and the design
of the flap control unit on the basis of a
piezoeleclric actuation system. An additional
aspect deals with the integration of this module
into a full scale blade segment including the
sensor equipment and the interface to the wind
tunnel environment. Bench tests were performed
in order to verify the designed potential of the
actuator itself and the whole flap control unit. For
these tesis the external loads were derived from
aerodynamic calculations and simulated by
springs. After final system tests including
electromagnetic  compatibilty (EMC) and
lemperature tests, the integrated blade segment
(wind tunnel model) was integrated into the
transonic wind tunnel Géttingen (TWG).

The wind tunnel evaluation itself was performed
with several configurations. For the first tests, the
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mode! was installed in a fixed configuration and
different steady flap deflections and the
oscillating flap was measured. These reference
tests form the baseline for the more demanding
configurations: The influence of the unsteady
aerodynamic were investigated by moving the
model in an oscillating mode (Forced 1/rev
oscillation). In a second evaluation phase, the
transter characteristics of the direct lit and servo
effect was investigated by a torsional degree of
freedom, which is integrated in the wind tunnel
suspension. Because of the different
configurations and the additional risk due to the
advanced actuation system, the variation of the
typical aerodynamic parameters were limited to 3
Mach numbers and focused on a range of the
angle of attack which represents the typical
aerodynamic conditions of a rotor blade between
80 and 90% radius station in cruise flight
condition. However, the various configurations
provide a range of results, which refer to several
objectives: Reliabilily and effectivity of the
actuation system, comparison of dynamic and
static measurements together with a validation of
the aercdynamic code and the transfer
characteristics of the flap control concept.

The paper gives a short overview about the
programme, describes the genegral design
objectives, the development process of the flap
control unit, the wind tunnel facility together with
the different configurations and presents results
from the test campaign itseif.
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intion of th I

The rotor active control technology (RACT)
programme, equally shared by the German
Ministry of Research and Technology (BMBF)
and by resources of the partners, forms the
baseline of the activities described in this paper.
The partners within the RACT-programme are
EUROCOPTER DEUTSCHLAND GmbH (ECD,
Project leader), the Deutsches Zentrum fir Luft-
und Raumfahrt e.V. (DLR), the Daimler-Benz
research establishment (DB), the Technical
University = of  Braunschweig and 2ZF
Luftfahrttechnik  GmbH (ZFL). The whole
programme comprises fight test activities with a
blade root control system and wind tunnel tests
with a full scale piezoelectric flap control unit. A
description of both parts of the RACT programme
is given in Ref 1. This paper focuses on that part
of the programme, which deals with the
development of a piezoelectric flap control unit
integrated in a wind tunnel model and the
evaluation in the Transsonic Wind Tunnet
Gottingen (TWGQG).

f the FI ntrol Uni

For the general layout of the flap control unit the
relationship between the torsional stifiness of the
blade design and the type of the control law
respectively the azimuth region which has to be
mainly influenced lead to different optimum flap
designs. The data base for the present design
assumes a torsional eigen frequency of 4-5/rev
and the investigated contral laws are a time
domain vibration controller and a control law for
the reduction of the external noise during
approach ffight. For this assumption a relative
chord of the flap of 15 % for a high servo effect
at low hinge moments was selected (Ref 1).
Additional design criteria for this chord were
manufacturing aspects and the achievable force
detlection characteristic of the flap control unit.
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Figure 1. Main aspects for the general layout of
several flap designs.

REF,

Figure 1 shows the main aspects lor the general
layout of several flap designs.

2.1 jectives and Requiremen

As mentioned above, the reduction of the cabin
vibration and the external noise were the two
main objectives for the general layout of the flap.
The reason for these main objectives were, that
for both areas promising results from wind tunnel
and flight tests exist {(e.g. Ret 2) and that both
control strategies are investigated in flight using a
blade root IBC-system in a paralle! activity of this
programme. Recent results of this activity are
presented in Ref 3.

4
74

e
E
Py
s

EL

ufferenca In Horge Emission [06] )

&

a ] i t

Vanation ol Txer Phane [deg)

Figure 2: Reduction of blade vortex interaction
hoise by a 1 degree 2/rev blade root
control input

A short summary of quite promising, very recent

results from the first open loop flight tests within

the evaluation phase, which are discussed in

more detail in Ref 4, is shown in Figure 2:

e The blade pressure vs rotor azimuth shows
clearly the blade vortex interaction (BVI) for
the baseline helicopter and non optimum 2/rev
phases.

« For a phase of 60 and 90 degree this BVI
condition could be completely suppressed and
the noise on ground (plotted is the noise
measured by the 3 microphones located at
the certification positions) was noticeable
reduced.

¢ [n addition, the cockpit vibrations were
reduced by 50 to 80% in the three axes for
the minimum noise condition.

The second control strategy, which will be tested
in flight in the second evaluation phase is the
reduction cf the cabin vibration. For this objective
a complete closed loop design was developed for
a time domain vibration controller (Ref 1, Ref 5).
The used computer code for the controller design
is CAMRAD Il {Ref 6), validated with flight test
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data. The simulation results in Figure 3 show one
out of several concepts of the vibration controller
{Design objective: Suppression of 3 hub loads,
e.g. pitchvroll moment and vertical force):
Switching the blade root actuation system on
(upper plot}, the hub loads are reduced nearly to
zero within three rotor revolutions.
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Figure 3: Suppression of 4/rev hub loads in
forward flight

The parallel activities with the blade root control
concept, tested in flight, demonstrate the
potential of IBC, which has to be required also
from the flap control system. In addition, this test
campaign is helpful for the validation of the
comprehensive rotor models and the control law
design methodology needed for the layout of the
individual control strategies.

As a reasonable first step for special calculations
with regard to the design parameters of the flap,
the CAMRAD 1l code used for the blade root
control law design was exiended by a flap control
module. The aerodynamic coefficients for this
module were taken from the Navier-Stokes
calculations described in Chapter 2.2,

Figure 4 shows the same closed loop simulation
shown in Figure 3 but using the fiap control
module. This calculation shows, that a certain
correlation between the blade root and the flap
control strategy can be derived and that for the
assumed aerodynamic layou! one degree blade
root control input corresponds to a 5 degree flap
amplitude. A more detailed analysis of the lift
distribution gave additional informations in terms
of a more generafised requirement for the control
power of the flap.
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Figure 4: Requirement for the flap control power,
derived from the vibration control law
and correlation with the blade root
control strategy

2.2 Aer namic L

The aerodynamic layout of the flap was
performed by two steps: The preliminary layout
of the hinge moment was estimated by 2-D
quasi-steady calculations varying the geometry
for different flap deflections and flap chords. The
aerodynamic model included compressizility and
boundary layer effects {(Ref. 7, Ref. 8). These
calculations were also the starting point for the
general layout of the actuation system.

Selected cases out of the preliminary design
paints were calculated with a more complex
aercdynamic code including friction, unsteady
aerodynamics and the oscillating flap motion
(Retf. 9, 10, 11, 12). The results were used for
the final specification of the required actuator
performance, for the calculations with CAMRAD
il (See Chapter 2.1) and for the preparation of
the wind tunnetl tests.

The assumed aerodynamic condition refers to a
typical cruise flight condition of a light helicopter
like EC135. The selected Mach numbers and
angle of attack range of refer to the fore/aft,
advancing and retreating azimuth angle of the
B85% radius stalion of the rotor blade. The
geometrical data of the assumed rotor blade are
as follows:
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Radius: 51m

Chord: 03m

Flap {ength/Position: 0.5 m/0.8-0.9 R
Relative flap chord:  15% {Final config.)

Figure 5 shows the hinge moments from the two
aerodynamic codes used for the preliminary and
final design in comparison with the available
hinge moment of the acluators measured during
the bench tests {Compare Chapter 3).
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Figure 5; Aerodynamic hinge moments
calculated by two methods and
avaitable hinge moments from the
actuator derived from bench tests

The wind tunnel test showed, that this quasi-
steady estimation was a bit too conservative. In
comparison to the achieved values during the
wind tunnel tests (See Table 2), more acluator
performance was reached than estimated from
Figure 5.

3. Develonment of the Integrated Flap Control
Unit and Wind Tunne| Model
1 General Design A forthe A r
A major design aspect is to integrate the flap
actuator mechanism completely inside the blade
geometry requiring a compact design of the unit.
Extreme requirements are placed on the flap
drive which cannot be met by conventional
technologies: A high mechanical load due to the
high centrifugal acceleration of 1000 g, small
installation volume, high dynarmics and stroke
resolution with a high mechanical actuator
performance. Only the piezoelectric actuator

system one of the most suitable drive principle
from today's point of view.

Piezo actuators represent a new technology that
offers a host of advantages. In combination with
signal processing electronics, the good
mechanical and electrical integrability of
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piezoelectric actuators make these devices key
elements in innovative intefligent systems.
Despite of these advantages, piezoelectric
actuators have so far only found use in niche
applications. Today, there are just a few model
designs of mechanically efficient piezoelectric
systems, the operating behavior of
piezoelectric actuators has yet to be adequately
characterized.

Actuators based on mechanically active materials

{smart materials) exploit physical solid-state

effects and transform electrical control energy

directly into mechanical work. Piezoelectric

materials are paricularly promising. The

outstanding properties of piezoceramics are:

» Controllability and resolution

e Speed

= Energy density (Ref 13)

» Mechanical integrability, as based on solid-
state technology.

Due to the geometry of the blade only a short
lever can be installed inside the profile to actuate
tha pivoted flap. The required actuator stroke in
the mm range with actuator forces in the range of
2000 N is about one order of magnitude higher
than the stroke capacity of previcusly available
piezoelectric actuators. Figure 6 shows the force
stroke characteristics of conventienal
piezoelectric actuators. Benders provide too low
force and stack actuators have too small stroke
capability. Due to the low elongation capacity of
piezoelectrical materials, stack actuators are
unsuitable. A design for a technical amplification
mechanism is the hybrid actuator developed by
Daimler-Benz Research in recent years.
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Figure 6: Working Range of Piezo Actuators

A hybrid design method, comprising a piezostack
with a hydraulic or mechanical step-up gear, is
suitable for actuator forces F, > 500 N. The step-
up gear must meet the following requirements:

o Stiff support of the piezostack

e No mechanical play
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No/slight friction
e High energy efficiency: low elastic energy
losses )
Gear ratio of 1:10
Low weight relative to the piezostack
Production oriented design

In order to implement a step-up gear, a variety of
differing designs was put forward. Some of these
designs were discussed by Prechtl {Ref 14), With
the aim of indicating the limitations of the hybrid
construction methed, the influence of the
mounting frame alone on the overall performance
of the hybrid actuator will be discussed in the
following. An important objective in optimising the
design is to maximise the specific energy density.
The maximum specific energy densily was
assessed and optimised.

The reduction of the blocking force due to the
ratio of the stiffness of piezostack to frame and
the reduction of the free stroke caused by elastic
retroactive forces (friction, elastic forces) results
in a energy efficiency factor smaller than 1;

Thanargy = Whybm/wpis:u

To boost the energy efficiency the stiffness of the
frame must be increased. But a heavy
construction is not allowed because of the high
centrifugal acceleration. An important Figure of
merit is therefore the mass efficiency factor:

Tlm-n = Tl-nugy mhybridlmpi-zo

3.2 Design of the Hybrid Actuator

An integrated design is considered to be the
optimum construction method for a weight and
volume optimised hybrid actuator. The stiff
mounting frame, which is required in any case, is
designed through the integration of joints as a
gear. In order to ensure freedom from play and
wear, flexures are used as joints. Figure 7 shows
the diamond-shaped geometry of the gear. The
new actuator design called the DWARF Actuator
is highly energy efficient. Due to the geometric
arrangement, an expansion movement of the
piezostack is transformed into a pulling
movement. Critical elements of the design are
the flexures that are loaded in axial and bending
directions. The flexures act on the one hand as a
spring load on the piezostack and reduce the free
stroke. On the other hand, the flexures are a
determining factor for the stiffness of the frame.
A compromise must be made between high axial
stifiness and low bending stiffness. The
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effectivity of the gear was optimised decisively by
being designed as a multiple frame. With high
axial frame stiffness, the bending stiffness of the
joints is reduced, the material load on the joints is
decreased and the stroke increased. The
detailed computational optimisation of the
DWARF system was effected using analytical
methods and FEM. The dynamics of the hybrid
actuator is very good, the first resonance
frequency of the #lap aciuator system lies at
220 Hz.

Integrated lightweight and compact design:

« the stiff mounting frame is designed through the integraticn
of joints as the gear ‘

» fiexures to avoid wear and play

pullirig movertient .

multiple frame design

» reduced material load

« high axial stiffness

*low bending compliance

Figure 7: Hybrid actuator DWARF

Table 1; Technical Data ot DWARF

Blocking Force 720 N
Free Stroke 1.1 mm
Energy Efficiency 83 %
Resonance Frequency | 220Hz
Mass 400 g
Masgs Efficiency 33%

3Designand T fthe Inteqr FI
Contrel Unit

The actuators are near the nose of the airfail in
order to maintain the centre of gravity at 25%
chord. The actuators are acling parallel via pull
rods and a hinge lever on the pivoted flap. A stiff
construction is necessary to achieve a highly
efficient energy transport. The joints and the pull
rods are constructed to be mechanically stiffer
than the hybrid actuator. The lightweight flap
causes a small inertia. Thus the first mode of the
actuator flap unit is at a very high frequency
(Approximately 180 Hz). The endurance and
performance of the actuator flap unit was tested
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prior to the wind tunnel test in a bench set-up.
Altention was focused an the dynamic properties
of the system. During the tests the aerodynamic
load was simulated by a spring. The result of this
test is included in Figure 5. Figure 8 shows the
flap control unit integrated in the wind tunnel
model.

Piezo Hybrid Actuatar System

Flap

Figure 8: Piezoelectric Flap Control Unit

3.4 Design of the Wind Tunnel Model

Figure 9 gives an overview about the total wind
tunnel model with the wind tunnel adapter and
the view inside to the integrated actuators, the
stiffening ribs between the flap control rods and
the flaps itself.

Figure @: Wind Tunnel Model with Integrated
Piezoelectric Flap Control Unit

The shell of the wing model is made out of
carbon fibre and in principle in a well known and
conservative design method. Fabric carbon fibre
with diagonal fibre orientation were used to take
up the torsion loads in the outer part of the wing
shell. To take up the bending loads inside the
wing section unidirectional carbon fibre layers
were applied in the area of the 25% line. At the
ends of the wing two aluminium adapters are the
fixation points for the wind tunne! facility.

For the integration of the piezo actuators, the
centrol rods and the flaps itself it was ingenious
to install all these elements on one base plate.
The advantage of this concentration was, that all

REf.

the adaptation and adjustment work for the flap
control unit could be done in paralel to the
development of the wind tunnel model wing. With
the width of the two flaps a part on the lower side
of the wing section beginning at 7 % chord was
used for the base plate to place in the actuators,
the control rods and the flaps.

T S
N \ N
Actualer  Load Ted Rod Svaing RoQ Tight Sip
Sorew
Spar Layer Tocsion Layer

Figure 10: Sectional View of the Blade Segment

Figure 10 gives an overview about a section in
the middle part of the blade segment. The
torsional stifiness and the airfoil contour stability
is guaranieed by screws around the border of
this removable wing section part. The stability
and the stitiness in the bending mode is given by
three metallic bolts in the 25 % line area on each
side of the base plate. These bolts are passed on
the spar loads from the outer upper part of the
right wing side to the removable part and further
to the other outer upper part of the wind tunnel
model on the left hand side. The removable part
of the medel has the same fibre layer design in
the torsion shell and in the spar like the main part
of the wing. To guarantee the sliffness of the
base plate in chord direction, t was necessary to
install several stiffening ribs between the positicn
of the actuators and the fixing points of the flap
bearings.

To provide a cooling of the actuators, a channel
with holes was installed above the actuators for
blowing air on the piezo elements. Alternative, to
protect the model against fire induced by
electrical faults it was possible to blow nitrogen
vig the same channel into the model. However,
during the wind tunnel trials no cooling or other
described provisions were needed.

Due to the integrated actuation system in the
wind tunnel model and the unsteady
aerodynamic measurement, a comprehensive
sensor equipment was integrated in the wind
lunnel model. For the control and monitoring of
the actuation system the linear displacement of
the actuator force, the flap deflection and the
temperature of the actualers was measured. For
a supplementary aerodynamic measurement in
addition to the piezoelectric balance, integrated in
the wind tunnel suspension, the pressure
distribution was measured by 49 differential
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pressure sensors (Kulites). Figure 11 shows the
distribution of these sensors. Inside the model
sensors  were

the reference signals of all
combined.

Figure 11: Distribution of Pressure Sensors
integrated in the Wind Tunnel Model

4. Wingd Tunnel Evaluation

4.1 _Trangsonic Wind Tunnel Gottingen (TWG)

Figure 12: View of the whole test section

The wind tunnel tests were conducted in the
transonic wind tunnel of DLR in G&ttingen. The
recently modified wind tunnel is a continuous,
single return facility with three exchangeable
square test-sections (size: 1 x 1 m®) for the
subsonic, transcnic and supersonic speed
regime. The absolute size of the test section is
ideaily suited for 2-D wing experiments because
on the one hand it is large enough to permit the
use of models equipped with sophisticated
measurement techniques {pressure transducers
etc.), on the other hand it is small enough to
keep the effort concerning the structurat dynamic
properties of the test set-up and adjustments of
the mounting system in reasonable limits. The
same is valid for the application of advanced
optical measuring lechniques such as pressure
sensitive paints (PSP} or particle image
velecimetry  (PIV). The measurements were
performed in the transonic test section with
perforated walls. Alternatively a test section with
adaptive walls is available. Especially for the
measuyrements within the RACT programme the
Mach number range was extended down o

Ref.

Ma = 0.3. A view of the whole test section is
presented in Figure 12.

The 2-dimensional wing model with a chord
length of 0.3 m, a span of 1 m and an OA312
airfoil is attached on both ends 1o a cross spring
and a both sided torsional excitation, providing a
fully symmetrical set-up. Between the outer
torsional exciters and the inner cross spring a
piezoelectric balance is mounted in order to
measure steady and unsteady forces. On each
side the balance consists of four multi-
component force transducers. The main feature
of such wind tunnel balances is their high
stiffness. Thus piezoelectric balances are in
particular suitable for dynamic measurements
(Ref 15, 16). In addition the pressure distribution
is measured for one cross section, especially for
the analysis and the validation of the dynamic
measurements.  Four  laser  triapgulators
determine the pitching angle oft) of the wing
itself. This angle is diftterent from the adjusted
angle at the torsional exciters, if the torsional
spring is installed. Figure 13 shows the tast set
up for the different suspensions providing the
configurations used during the evaluation tests.
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Figure 13: Schematic skeich of the test set-up
suited for fixed configuration, forced
pitch oscillations and torsional
degree of freedom. )

4.2. Execution of Tests

The whole test campaign was performed from
the 4th to the 20 th of May in 1998. Table 2 gives
an overview about the tested configurations, the
aerodynamic conditions and the achieved flap
deflections.

The piezoelectric flap control unit worked without
any failure throughout the test campaign and the
performance of the flap control unit was better
than estimated by the bench tests (Figure 5).
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Table 2: Overview about the tested

configurations

Flxed X Ref. Polar 0.0

Fixed 0.54 | Ref. Polar 0.0

Fixed 0.74 | Rel. Polar 0.0

Fixed, 1 10 S/rav | 0.33 | +4.19+14.1 +7.0-2-8.0

Flxed, 1 1o Sfrev | 0.54 | -1.0-449.0 +7.05-7.0

Fixed, 110 S/rev { 0.74 | -0.85 +6.09-4.0
Forced 1/5ev | Fixed, 1 to Sirev | 0.33 | 8.1 £5.0 5.0
Farcaed 1/rev | Fixed 0.33 | -> Dyn. Stall +5.0
Farcad 1/rev | Fixed, 1 10 5/rev { 0.54 | 4.0 £5.0 5.0
Tors, DOF Fixed, 1 to Sfrev | 6.33 | 9 1+Variable +25
Tors. DOF Fixed, t to Sirev | 0.54 | 4 0+Variable +2.5

An advantage of the removable test section of
the TWG, was the flexible change between the
possible types of suspension, described above.
Therefore, the integration of the torsional DOF
could be performed very fast after the completion
of the test period with the fixed configuration and
and the forced pitch oscillation.

4.3. Results from the Evaluation

ference M rements: Befere the
evaluation tests were started, reference points
were measured which were defined according to
existing airfoil data from wind {unnel tests
performed by ONERA. Applying the wind tunnel
correction parameters valid for the TWG, the
same [ift curve slope was measured as for the
ONERA test. However there still remain
differences especially for the maximum
achievable lift which result mainly from the higher
blockage in the TWG. In spite of the larger test
section of the TWG, the size of the full scale
model led o the higher relative blockage effect.

Static _and dynamic measurements: Tests
were performed with fixed and oscillating airfoil (7
Hz), in order to compare steady and unsteady
aerodynamic mesurements and to validate
existing 2-D codes (Ref. 8). In addition both
measurements were performed with static flap
deflection and oscillating flap (7 to 35 Hz). For
the cases with oscillating airfoil and flap the
phase between the airfoil and pitch oscillation
was varied too. A first analysis of these data in
comparison with the comprehensive numerical
model is performed in Ref 11. A typical result ot
these data is shown in Figure 14 for Ma=0.54.
The lift and moment coefficient is integrated from
the pressure distribution whereas the drag
coefficient is taken from the piezoelectric
balance, which shows reliable values for the
dynamic changes. The lift coefficient shows the
superimposed large change of the lift resulting
from the forced pitch oscillation (7 Hz) and the
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direct lift effect due to the 35 Hz oscillation of the
flap. The pitching moment coefficient shows quite
large changes mainly caused by the flap control,
which is very effective about the pitch axis.
However, in this cenfiguration no torsional degree
of freedom is available and therefore the servo-
effect {Lift due to airfoil torsion)} is not included.
The main purpose for the tests in this
configuration was the evaluation of steady and
unsteady aerodynamics. These data will ke
further used for the analysis of aerodynamic
phenomena, the generation of a data base and
the validation of numerical codes.

0.08 S 1 ]
c. 0.08 k | 7
0.04 .
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0.00 0 100 200 300 400 500
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Figure 14; Superimposed Oscillation of the Airfoil
(7 Hz,4° + 5°) and flap {35 Hz and
+2.5°) at Ma=0.54.

Dynamic Stall: For the Mach number of 0.33
representing the aerodynamic condition of the
retreating blade, the dynamic stall characteristic
of the airfoil was investigated for a fixed flap
deflection of 3° downwards. Figure 15 shows the
results of three test series at Ma=0.33 and
varying angle of attack up to stall condition. The
difference between the steady and unsteady
measurements shows the typical dynamic stall
effect at the retreating rotor blade of the
helicopter, which allows an higher angle of attack
than measured in the steady condition. In
addition, the direct lift effect due to a fiap
deflection of 3 deg is shown. Again, the servo
effect {Lift decay due to blade lorsion) is not
included in this configuration, but this effect is

: TEOZ Page 8



than measured in the steady condition. In
addition, the direct lift effect due to a flap
deflection of 3 deg is shown. Again, the servo
effect (Lift decay due to blade torsion) is not
included in this configuration, but this effect is
very small at Ma=0.33 and for a steady flap
deflection. These tests showed, that the flap
deflection was controllable up to extreme stail
conditions and the litt can be controlled within the
aerodynamic [limits defined by the flap size.
However, for a more elfective contral of the
retreating blade stall a larger flap or nose flap
would be much more effective.
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Figure 15: Investigation of Dynamic Stall

Characteristic with and without Flap
Deflection

wi rsional r f fir m
{DQF): For a better understanding of the
aerodynamic conditions of a flap controlled rotor,
a torsional DOF was integrated in the wind tunnel
suspension using a torsional spring. The dynamic
layout simulates the first torsional mode of the
rotor blade at about 28Hz (4/rev). In this
configuration the direct lift vs servo effect was
investigated. For the analysis of the total lift in
relation to the dynamic and aerodynamic design
parameters the distinction between direct lift and
it due to torsional DOF (Servo-effect) is
important. Direct lift is the Jift, which is generated
by the flap deflection without any influence of the
torsional DOF. This part of the lift is dominating,
if the total lift in Figure 16-19 follows the time
history of the flap motion. The servo effect lift is
the change of lift due to the elastic twist of the
blade. It is dominating, if the total lift follows the
oscillation of the angle of attack. However, this
simulation of the torsional DOF can only take into
account the basic flap control principle of the
tersional DOF of a rotor blade. The effect of the
full blade area and the complexity of the
aerodynamic condition of the rotor blade number

Réf.

like the flap and lag DOF, coupling effects etc.
are of course not taken into accoun! for this test
condition. Nevertheless, some interesting effects
for the Mach number 0.33 can be shown, which
are directly influenced by the general layout
parameters discussed in Figure 1. For the
assumed design parameters the servo effect is
dominating at high Mach numbers (Higher
dynamic pressure). The influence of the Mach
number respectively rotor azimuth region on the
two parts of the lift is discussed in more detall in
Ref 1.

Flap: 14 Hz,t2.5°

anl] g

0 100 200 300 400 500
t [ms)

Figure 16: Direct ift effect dominates the total lift
at low dynamic pressure (Ma=0.33)
and low flap control frequency. Servo
effect acts against direct lift effect.

Figure 20 summarises the results of Figure 16 to
19 and shows, that for the quite simple test
configuration a quite complex transfer
characteristic is obtained at Ma=0.33. For a
steady flap deflection and low flap control
frequency, the direct lift dominates the total fift
{Figure 16). Some loss is induced by the low
torsicnal stiffness of the suspension (Servo
effect). This loss is increased with higher flap
control frequency and consequently a frequency
can be adjusted, where the two effects cancel
each other. For the selected design parameters
this frequency is slightly above 21 Hz. With a
control frequency of 21 Hz ({Figure 17) this
condition is nearly reached. Maximum
transmissibility between flap deflection and lift is
reached close to the resonance frequency due 1o
maximum blade torsion.
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Figure 17: Cancelling of direct lift effect and
servo effect at increased flap control
frequency

Flap: 28 Hz, £2.5°
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Figure 18: Maximum effeciency around the

resonance condition due to servo
effect.

The time history of the [ift curve shows clearly,
that it follows the torsional oscillation (Angle of
altack). This indicates, that the servo effect
dominates the lift in this condition (Figure 18).
Beyond the resonance frequency two effects

define the lift due to flap deflection. First, the
servo effect is strongly reduced with increasing
frequency and second, the phase change of
about 180° influences the sense of this effect:
Servo effect and direct lift act in the same sense.
This phenomenon leads to the quite good
transfer characteristic beyond the resonance
frequency. However, for a controller design the
changed phase of the servo effect has to be
taken into account.

Flap: 42 Hz, t2.5°

a,nf]

SHbhroonhL®
L
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.0.02 | ! 1
100 200 300 400 500

t [ms]

Figure 19: Beyond the resonance condition, the
servo effect is strongly reduced with
increasing frequency. Due to the
phase shift of the servo effect by
about 180 deg, the dominating direct
lift effect and servo effect act in the
same sense.

a s 10 15 20 25 kil 5 40
Fraquancy (Hz)

Figure 20: Transier Characteristic of Total Lift at
different Flap Control Frequencies
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Future Activiti

The next step in the development of a flap
control unit will be the testing on a centrifugal test
bench. For these tests an optimisation process
for the design has already been started. End of
this year the whole unit will be tested at about
1000g. After these tests, the integration of the
flap control unit in full scale rotor blades is
planned together with the testing on the whir
tower. This milestone will be the last important
step before testing the flap in flight. An important
design philosophy of EUROCOPTER for the
development and test of the flap control principle
was the beginning of the whole development
process in a full-scale realisation, because this
has a decisive influence on important feasibility
aspects. The evaluation of bench and wind
tunnel tests presented in this paper are the first
step in this process. The results encourage to
continue the development.

. Summ@w

According to the general design aspects for a
flap control principle, one design was selected
which takes into account a typical torsional
stiffness of a rotor blade, actuator performance
and integration aspects and the control laws for
the reduction of BVI noise and vibrations. The
paralle! evaluation of these control laws by a
blade root control system in flight within the
RACT programme forms also an imporiant
baseline for the development of the flap control
principle: The improvements achieved by the
blade root control system can be taken as a
reference tor the requirements for the flap cantrol
system, the validation of tools similar for the two
control principles can be based on flight tests and
the methodology for the control law design can
be evaluated in parallel to the realisation process
of the flap controlled rotor.

The aerodynamic layout especially with regard fo
the hinge moments was an important
optimisation loop for a well designed actuator
performance and flap size. Using resulls from the
bench tests together with the calculated
aerodynamic forces the achievable flap
performance during the wind tunnel tests was
well predictable.

The optimised design of the piezo hybrid actuator
system is an encouraging design with regard to
performance, weight and volume. The rotor
blade integration concepts are promising.

Ref.

According to the different types of suspension
systems and configurations tested, the results of
the wind tunnel evaluation will be analysed with
regard to manifold aspecls. Recent results can
be summarised as follows:

» The reference tests show consistent results in
comparison with the tests from the original
airfoil measurements performed by ONERA.

» The steady and unsteady measurements with
fixed and oscillating flap give a good data
base for the code validation and was a test for
the actuator performance in steady and
unsteady conditions up to dynamic stall and
up to a maximum Mach number of 0.74.

+ The tests with a torsional DOF demonstrated
the transfer characteristic of the litt due to flap
control inputs below, near and above the
eigen frequency of the torsional DOF, derived
from a typical rotor blade design. The test
showed some interesting effects due to the
superimposed direct lift and servo efiect.
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