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Abstract

In order to increase the helicopters share in future air-
raffic, its efficiency, its reliability and its public ac-
ceptance have to be improved. Therefore the key
design goals are the reduction of weight, fuel con-
sumption, cabin vibrations, noise levels and mainte-
nance costs.

In the last decades big progress has been made by
using modern aerodynamic and structural blade de-
signs, modern engine technologies and composite
materials, Additional improvements can be achieved
by application of active rotor control technology in-
vestigated by several helicopter manufacturers and
research institutions, Besides the integration of actua-
tors below the non-rotating part of the swashplate
(HHC), it is also possible 10 control each blade indi-
vidually by actuators replacing the pitch link in the
rotating system {IBC). At Eurocopter both systems
(HHC and IBC) have been designed and tested. An
efficient realisation of an experimental IBC-system
has been achieved by ZFL in co-operation with ECD,
Several flight and wind tunnel tests with IBC were
carried out since 1990 on a BO105 helicopter and in
the 40 ft by 80 ft wind tunnel at NASA Ames. The
notential of HHC has been investigated in flight at
ECF on a Gazelle helicopter between 1985 and 1988.

Based on this experience the role of rotor active con-
trol will be analysed in this paper. The most impor-
tant questions to be addressed are;

- What are the benefits of currendy investigated
rotor active control technologies?

— What are the penalties of these technologies with
emphasis on weight, energy, maintainability?

— What are the possibilities for further improve-
ments?

— What is the potential of servo-flaps, smart mate-
rials, improved control-technologies eic.?

In order to answer these questions, the results of
Eurocopter's recent rotor active control investigations
will be reviewed and discussed. Based on the current
system design the effort with respect to the weight,
power consumption and manufacturing costs will be
estimated and compared with conventional technolo-
- gies, Furthermore results of various flight- and wind
tunmei tests will be discussed in order to demonstrate
the benefits of rotor active control technology .
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Based on this knowledge, an assessment of the cur-
rent status of active rotor control technologies will be
performed, and claims for future developments and
applications will be derived.

1 Introduction and Definitions

A major improvement of belicopter performance and
comfort ¢an be achieved Dy implementation of 1otor
active control technologies. The scope of this paper is
limited t0 methods which directly influence rotor
acrodynamics by angle-of-attack changes that are

HHC by Swashplate Actuation

Nonroting System
Actator

Rotating System
Actuator

Fig. I: Active Blade Pitch Control Concepts:
HHC vs, IBC

introduced by active control of the blade torsion. In
case of an Individual Bliade Control (IBC) system
each blade is controlled individually by pitch-link
actuators or servo-flaps for instance. In contrast to
IBC a Higher Harmonic Control (HHC) system is
characterised by implementation of actuators below
the swashplate {see Fig. 1),



Table 1 : Controllability of Rotor Harmonics by Rotor Active Control

Hotor Mode Rotor Harmonics Remarks
etor s 3 Blades 4 Blades 5 Blades
collective 3frev, Brev Alrev Blrev modes
Lot . . contreliable
reactive progressive cyclic 2frev Bfrev direv by
regressive cyclic 4lrev Birev &/rav HHC & IBC
ditference 2frey - mrmf)l
. . T 2
reactionless  progressive wobble 3rev only by
regressive wobble - 2/rav, Tirev 1BC

7 Modes couple with nonrotating system

With the three swashplate control degrees of freedom
(collective and two cyclic), it is possible to achieve
individual blade pitch control enly for rotors with up
to three blades. Consequently the blade pitch control
capabilities of HHC and IBC do not differ in this
special case.

In any event, both HHC and IBC must create a pitch
control law which is phased appropriately for each
rotor blade. For an N-bladed rotor operating in a
steady state flight condition at the main rotor rota-
tional speed L2, the pitch waveform bas to be identical
for each blade. In case of HHC this behaviour is only
achievable, if the swashplate is excited at integer
multiples i of the blade passage frequency (NQ2).Table
1 shows the controllability of rotorharmonics by rotor
active control. Thus with HHC only a special selec-
tion of rotor harmonics i N Qand i N £ 1) £ can be
controlled which corresponds to the reactive rotor
modes. These modes are responsible for the dynamic
hub loads that are wransferred from the rotor to the
nonrotating system (airframe). The reduced control
capability of HHC is obvicusly sufficient for control-
ling the vibratory excitation of the airframe. Further-
more it ¢an be concluded that for other rotor active
control tasks which require an arbitrary blade pitch
waveform {including the control of the reactionsless
rotor modes) an IBC system is needed (Ref. 1,2,3).

Rotor Active Control - Benefits
A short overview about the potential of rotor active
controt is given in Fig. 2 which is discussed below.

» The vibration reduction capability of HHC and
IBC gives the designer the opportunity to eliminate
other vibration reduction devices.

* The capability of HHC and IBC to reduce the
helicopters noise radiation may enable the operator
to fly in regions which were restricted for helicopter
operations due (o noise limitations. In case of military
applications noise reduction helps to hinder the de-
tection of the aircraft.
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¢ Aerodynamic improvements introduced by IBC
may allow an expansion of the helicopters flight enve-
lope or an improvement of the rotor performance.

¢ There exists a wide range of applications in order
to improve the rotors transient bebaviour and damp-
ing characteristics. Due to this stability augmenta-
tion capability it may be possible to eliminate Jead-lag
dampers or to prevent stall flutter,

Reasons explaining the different potentials of HHC
and IBC will be discussed in the following sections of
this paper. Summarising all the beneficial effects
mentioned above it can be concluded that rotor active
control has a very wide range of applications in
nearly all disciplines of helicopter design. This fact
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Fig. 2 Rotor Active Control Potential

makes it unique compared with other systems imple-
mented in the aircraft, who only have one specific
task. An important question arising in this contents
may be: Is it possible to fulfil several of these tasks
simultaneously? The answer to this question wili be
one major topic of this paper.

Rotor Active Control - Penalties

Up to now the beneficial effects of rotor active control
were discussed. Of course it is also necessary to men-
tion the penalties introduced by the weight of such a
system and its power consumption. Furthermore it
bas to be realised that the amount of complexity
added to the helicopters control system is quite differ-
ent in case of HHC and IBC.



This increase of complexity is obviously opposing the
current irend of modern rotor system design (Ref. 4).
In order w0 reduce the helicopters maintenance and
production costs large effort bas been made by several
manufacturers in order to reduce the complexity of
the rotor-system by eliminating bearings, hinges and
lead-lag dampers. The additional cost introduced by
an HHC or IBC system can therefore only be ac-
cepted, if the potential of such a system leads to an
increase of the belicopters productivity and an ex-
pansion of its operational characteristics.

In case of an HHC system most of these difficulties
are probably less severe. Theoretically it can be reai-
ised by using the existng primary conirol actuators.
The amount of compiexity added to the helicopter
design seems thergfore to be comparatively small,
Consequently a comparison of the potential and
penalties of IBC and HHC will be one of the impor-
tant topics of this paper. The basic question in this
content may be: Are the existing hydraudic hardware
realisations of cwrrent systems sufficient in order to
compete with other design solutions or is it compul-
sory to look for new actuation concepts such as smart
material designs.

Intention of the Paper

Furthermore it has to be admitted that there exists a
number of unsolved problems associated with the
control algorithms which have to be addressed. One
major prerequisite in order to find an appropriate
soiution is the understanding of the complex physical
phenomenon with respect to rotor active control,
Although encouraging results have been achieved in
the vibration reduction task, other applications like
noise reduction and stall delay are still object of in-
tensive experimental and theorelical research.

The intention of this paper is to give an overview
concermning past and future research activides of
Eurocopter, ZFL, DLR and other partners. The theo-
retical background of the various control problems is
explained and discussed on the basis of own investi-
gations and the results of several other research insti-
tutions as well. Based on this knowledge, an assess-
ment of the current status of active rotor control tech-
nologies will be performed, and claims for future
developments and applications will be derived.

Definitions and Conventions

Next some definitions and conventions will be ex-
plained which are used below. The rotor azimuth-
angle y defines the azimuth position of the reference
blade with respect to the orientation of the free-stream
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velocity. The periodic time history x(y} of measured
rotor signals is described by the fourier series expan-
sion

x(y)=2a, + ¥ a, -cos{i-y-0,)
=]

where a; is the amplitude and @, is the phase of the i”
harmonic. Instead of referring to the phase ¢, it is
sometimes more convenient 1o use the corresponding

azimuth position Avy,
for the positive halfwave
for the negative halfwave.

Ay, =, /i
Ay, = (g, +r)/i

The blade pitch angle defining the IBC control input
is positive when the leading edge moves upwards,

2 Current Rotor Active Cantrol System
Design

Up to now all rotor active control technologies were
based on blade root pitch control, which is achieved
by hydraulic actuators. At Eurocopter both HHC and
IBC systzms bave been designed and tested.

HHC System of ECF

According to the discussion above a HHC system is
realised by using actuators below the swashplate. An
experimental system for the 3-bladed rotor of the
Gazelle helicopter was flight tested at ECF {Ref. 5).
In addition a HHC system design for the NH90 beli-
copter (Ref. 6} has been investigated at ECF exten-
sively.

IBC System of ECD/ZFL

An IBC-system was investigated at ECD in co-
operation with ZFL. (Ref. 7). 1t is realised by replac-
ing the rotating control rods by hydrauvlic pitch-link
actuators. As mentioned before, several flight and
wind tunnel tests were carried out with different IBC
protetypes on a BO103 helicopter at ECD (Ref. 7, 8)
and in the 40 ft by 80 ft wind tunnel at NASA Ames
(Ref. 9-12) respectively. Fig. 3 gives more details
about this system,

The actuators operate hydraulically and are controlled
by servovalves. In case of hydrauiic pressure joss, the
actuators are locked by springs in a definite position
and act like conventional pitch-links. A hydraulic
slipring tocated below the gearbox is used in order 1o
transfer the hydraulic power from the non-rotating
power supply system through the shaft to the hub,
From there the servovalves of each blade are con-
nected by flexible pipes.



Fig. 3: Experimental IBC System (Bo103)

Controller Design

Another important topic is the controller design,
which greatly determines the performance of the
whole IBC system. Although it is beyond the scope of
this paper to explain different approaches for each
IBC task in detail, it is still useful 1o give a rough
overview about the conirol strategies investigated up
to now. In any case it is the task of the IBC controller
to calculate the appropriate IBC conmo! inputs. This
is achieved by a feedback of measured quantities
related to the specific control problem. For example
vibration signals are fed back in the case of vibration
control.

Frequency vs. Time Domain Control

Frequency domain control as well as time domain
control have been investigated by several scientists for
IBC applications. The basic differences of these al-
gorithms are discussed below,

In case of the frequency controller a steady state op-
erating condition and a quasi-stcady dynamic rotor
behaviour is assumed. This means that the rotor re-
sponse as well as the IBC control inputs are periodic.
The control law can therefore be expressed in terms
of the fourier coefficients of the rotor response and
the resulting IBC control inputs. Consequently a
harmonic analysis and a harmonic synthesis is needed
in order to implement the frequency domain control-
ler,

In case of time domain control the operating condi-
tion does not need to be steady and a realistic repre-
sentation of the dynamic response behaviour of the
rotor is essential for the control design. Furthermore
with a time domain controller the stability of the
system can be improved by an appropriate feedback
gain. Such means of system stabilisation are not only
beneficial for the damping characteristics of the rotor
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but can also be used in order to achieve a quick adap-
tion to sudden changes of the aerodynamic excitation
for disturbance rejection control tasks. Since a heli-
copter is often operating in unsteady flight conditions,
such a high response characteristic of the conuoller is
highly appreciated for future roior active control-
systems.

Dynamic Properties of the Rotor System

The main reason why frequency domain control was
preferred up t0 now for rotor active controi applica-
tions is associated 1o the complex dynamic behaviour
of the rotor discussed below.
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Fig. 4: Direct and Interharmonic Couplings by IBC
(Bo105 Shaft Bending Moment at 61kis)



Experimental investigations have shown (Ref. 8) that
the structural blade and rotor response due to a sin-
gle-harmonic IBC input also contains barmonics
which differ from the original excitaton frequency.
The origin of these inter-harmonic couplings is partly
due to dynamic pressure variations which increase
with the helicopters advance ratio. These variations
are modulaling the single barmonic angle-of-anack
variations due to IBC resulting in multi-harmonic lifi
variations, Furthermore the circulation variations
introduced by IBC produce inflow and angle-of-attack
variaticns. Flight tests performed at ECD have proven
that strong inter-harmonic couplings even exist at low
flight speeds (see Fig. 4). Theoretical investigations
based on an aeroelastic rotor model with free wake
geometry (Ref. 13} show that the phenomenon of
inter-harmonic couplings can be investigated ade-
quately with modem rotor analysis tools.

¥requency Domain Representation of Rotor
Dynamics

Ir case of frequency domain control (Ref. 14,15) the
dynamic behaviour of the rotor is expressed by a
linear relation between the fourier coefficients of the
control inputs u and the rotor response y in terms of a
T-matrix:

y=T-u

Inter-harmonic coupling can therefore easily be rep-
resented as cross-coupling coefficients in the T-
matrix. The identification of tbhe T-matrix can be
done experimentally. Flight tests at ECF have dem-
onstrated that an in-flight identification of the T-
matrix based on a Kaiman-filter-technology (Ref. 15)
is feasible (Ref, 16).

Time Domain Representation of Rotor-Dynamics
In the time-domain, the phenomenon of interhar-
monic couplings is related to the time-variant proper-
tes of the differential equation describing the dy-
namic behaviour of the rotor system,

x(0) = A() - x(0)+ B(t) - uft)
y(t) = () x(1)

The changes of the dynamic response y(1) due to the
rotor active control inputs u(t) are expressed here by a
linear system with periodic time-varying matrices
AB,C (period is one rotor-revolution) and the state
vector X, The controller design for these systems
requires more sophisticated methods, The theoretical
basis for this task is described in Ref. 17. The effi-
cient application of output feedback control for rotor-
craft problems including stabilisation are discussed in
Ref. 18, 19.

Disturbance Rejection in Time Domain

Next some applications of time domain controi will
be discussed. Most of the rotor active control prob-
lems are very similar to the disturbance rejection
problem of conventignal linear control theory. A
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typical design goal is to reject sinoidal disturbances.
These disturbances may be either the vibratory re-
sponse of the airframe which are occurring at integer
muliiples of the blade passage frequency, or bub loads
in the rotating frame where additional rotor harmonic
frequencies are present. Furthermore it might be
possible to reject non-harmonic oscillatory control
loads as they occur in statled fiight conditions, Fig. 3
shows a standard block diagram for feedback com-
pensation to reject a disturbance. The closed loop
transfer function S(s) of this system can be written in
case of a single-input single-output control as

S(s)=z(s)/ d(s) = G {s)/ (1 + K H(s)- G, (s))-

Consequently the disturbance d(s} is complewly re-
jected from the output z{s} if S(s} is egual zero or if
the controller transfer function H{s) is infinite at the
oscillation frequency of the disturbance wy. This
means that a conjugate complex imaginary pole-pair
H-wg bas to be included in the controller dynamics
in order 1o realise an appropriate notch filter charac-
teristic (see Fig. 6). A more general formulation of

— d8 g L

Disturbance

Gp(s)
© . Rotor
H(s)
| Reference
Gain Servo- {Disturbance)
Compensator
Fig.5:  Rotor Disturbance Rejection by Servo-
Compensator
) 2(C}
<[{a%)]
10y
Gan: F_
Reduglion ¢ ]
Ra{s
1] iwy Wig
Frequency -
{8 Closed Loop Transmussion Zero z: Gutput Effected by Distubances
# Ciosed Loop Compensator Po! d:  External Sincidal Disturpance

Fig. 6:  Sinoidal Rotor Disturbance Rejection

the disturbance rejection problem which includes
multiple control inputs and outputs is denoted in
classical control theory as the "Internal Model Prin-
ciple”, According to this theory the eigensolution of



Table 2: Basic Assumptions and Potential of Frequency vs. Time Domain Control

Frequency Domain

Time Domain

basis of controller design

steady state operating

steady and unsteady operating

representation of controt
input and output

conditions

fourier coefficients

conditions

general time histories
{using multi-blade coordinates
if appropriate}

stability augmentation & not possible possible
improvement of response

characteristics
online system identification possible not yet investigated

the controller has to be a general description of the
disturbance (ref. 20.) In case of a single-input single-
output system and a sinoidal disturbance, the control-
ler is therefore represented by an oscillator which is
tuned to the disturbance frequency.

Although the disturbance rejection task §(s) = 0 is
solved even for very low feedback gains K , high
gains K are required in order to improve the transient
behaviour of the controller. Fig. 6 indicates that an
increase of the feedback gain K causes a left shift of
the servo-compensator poies resulting in an increase
of stability, In order to prevent instabilities due w
high gains, an appropriate stabilising feedback is
required.

Concluding Remarks

It can be concluded that the time domain approach
implies a potential which is superior to the capabili-
ties of conventional solutions based on the frequency
domain approach, see Tab 2. The investigation of
time domain control is one major research topic at
£CD. First ideas concerning this matter will be dis-
cussed below.

3 Benefits of Rotor Active Control

Next the benefits achieved by application of rotor
active control will be presented with emphasis on
experimental results,

3.1 Vibration Reduction

The vibration reduction potential of HHC and IBC is
reviewed first. Based on these results, preliminary
conclusions can be derived conceming the controilers
and the performance of future systems,

Test Results with Frequency Domain Control

The vibration reduction potential of HHC has been
wsted in flight on the Gazelle helicopter at ECF (Ref,
16). An adaptive frequency domain control algorithm
was applied.
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The results presented in Fig. 7 show significant vi-
bration reductions. Furthermore the subject of HHC
has been tested by many other researchers in wind
tunnels (Ref. 21, 22, 23) and in flight (Ref. 24, 23},

0.4 =~
HHC off
203
£
e
R=]
§ 0.2
&£
©
801 4
<™ — e
HHC on
0 T T 1
100 150 200 250

Fiight Speed - km/h

Fig. 7@ Vibration Reduction by HHC: Closed Loop
Flight Tests (Gazelle)

The effect of harmonic IBC control imputs on the
cabin vibration level is presented in Fig, & derived
from BO10> flight tests, Although the control
authority was limited to (0.4°, a significant reduction
of the cabin vibration level was achieved.

Flight Speed: 110 km/h
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Fig. 8: Vibration Reduction by IBC Open Loop Flight
Tests (BO103)



Vibration Reduction by Time Domain Controllers
The behaviour of an HHC time domain controlier for
vibration reduction was investigated at ECD and DLR
(Ref. 26, 27) for the BO105 model rotor (scale 1:2.5).
In order to get first information about the stability
properties, a linear time invariant representation of
rotor dynamics was applied using multi-blade coordi-
nates and averaging procedures. A disturbance rejec-
tion approach as discussed above was the basis of the
controller design (see Fig., 9),

BO105 Model Rotor

Balarce

Actuator Signals

Signais

Fig. 9: Vibration Reduction by HHC in the Time
Domain {Principle)

The system response due to circular bub moment
disturbance is shown in Fig. 10. The results indicate
that the final steady state response can be reached
quickly within two rotor revolutions. Similar results
are published in Ref. 28 and 29. These very encourag-
ing results are the basis of future IBC vibration re-
duction controller design activities at ECD.

Simulation of Cyclic 4/rev Out-of-Plane Blade Excitation
{BO105 Model)
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Fig, 10: Vibration Reduction by HHC in the Time
Domain (Simulation)
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A schematic IBC vibration controller is presented in
Fig. 11. The vibratory hub loads are eliminated here
by disturbance rejection feedback. Several important
subjects have 10 be investigated in order to find an
optimal solution:

— Can we avoid independent controllers for each
blade in favour of controlling the complete rotor
system in theggon-rotating frame as it is done in
case of HHC ?

- Is it possible to use constant gains in the whole
flight envelope or do we need an adaptive gain
control concept ?

— Are constant gains adequate to the time-invariant
dynamic characteristics of a rotor system or is it
necessary 1o deal with periodic gains?

Sansor
Flap Bending Moment
{Strain Gauges}

Cisturbance Rejaction
Controilet Signe! Processing

Estimation of

| N/rev-Notch M= Biade Root
Shear Force

N: Numnber of SBlades)
Note: Notch must ba sdapted for other vibration kxee

Fig. 11: IBC Concept for Vibration Reduction

3.2 BVl Noise Reduction

Very annoying noise is radiated by a helicopter if the
blade tip vortex collides with a following blade. The
so-called Blade-Vortex-Interaction (BVI) noise is
primarily radiated during landing approach, when the
helicopter is descending into its own rotor wake, By a
higher harmonic contrel of the blade pitch it is pos-
sible to modify the misdistance between the tip vortex
and the blade, the vortex strength, or the bade piwch
at the position of blade vortex collision (Fig. 12, Ref.
30). In principle, there is no difference in the noise
reduction mechanism between higher harmonic pitch
control in the fixed system below the swashplate or in
the rotating system.

Both concepts have been proved to be very effective
for BVI noise reduction. Noise reductions up to 8 dB
were measured by different single frequency input
modes. Due to the complex dynamic behaviour of the
blades, multi-harmonic input modes like small pulses
were not as effective as expected.
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Fig. 12: Noise Reduction Mechanism by Rotor Active
Pitch Control

A very comprehensive test of the effect of higher
harmonic blade pitch control on the noise emission at
various flight regimes was conducted by NASA Lan-
gley in the TDT wind tunnel with a BO105 model
rotor (Ref. 31}). Fig. 13 shows the areas of noise re-
duction with higher harmonic control inputs related
to the baseline cases without control. As the meas-
urements were conducted on the basis of spund power
levels in a reverberant environment, the resulting
levels are not comparable to results of other wind
wnnel or full scale tests. However, the validity of the
results has been proved by HHC tests in the German
Dutch wind winnel (Ref. 32).

reduced pitch
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Fig. 13: Fiight Condition & Possible BVI Noise Re-

duction by HHC (4/rev input mode)

Even if a flight condition inside the BVI noise radia-
tion boundary is considered, the resulting noise re-
duction is highly dependent on the phase and ampii-
tude of the higher harmonic blade pitch input, Fig. 14
(Ref. 31) summarises the noise results of the baseline
case and the optimum HHC input phase versus the
descent flight path (advancing side, pu=0.15). As long
as BV noise is generated, noise reductions up to 6 dB
can be observed. :
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All tests with flight condition variation indicated the
need for a fast ciosed loop control system which is
able to control the phase with respect to the BV noise
generation region. In view of the current knowledge.
a control concept is needed at Jeast for the advancing
side. BVI noise reduction will be based on the ident-
fication of the azimuth region in the rotor disc where
the BVI noise is generated. The crucial question is
the definition of an appropriate sensor for tbe control
system. The use of a microphone as a sensor tumed
out to be not feasible because the signal of a cabin
mounted microphone is not directly related to the
radiated BVI noise. There is noise radiation in other
directions that is not heard in the cabin. Therefore. if
the control system is on condition for lowest noise
level at the cabin microphone, there might be still
BVI noise radiated to a ground observer.

116

Baseline
114 1

1121

<+

1101

108 1

Optimum Higher
Harmonic Controi

106

104 ' : + ; } '
2 3 4 5 6 7 8 9
Nom. Descent Angle - deg

Fig. 14. BVI Noise Reduction vs. Descent Angle with
HHC

The IBC full scale wind tunnel tests with the BO103
rotor (NASA Ames) clearly indicated that the opti-
mun input phase for high BVI noise reduction can be
directly related to the azimuth region where the blade
vortex interactions occur. The principle can be seen
from Fig. 15 for a 2/rev IBC-input. The measure-
ments are valid for the advancing blade side using
one fixed microphone position. The test conditions of
Fig. 15 are defined by 6 deg. descent glide path angle
and an advance ratio of 0.15.

A noise reduction is obtained if the biade pitch is
changed at the azimuth position where the tip vortex
collides with the following blade. Depending on the
vertical position of the vortex relative to the blade the
pitch angle bas to be either increased or decreased. In
addition, noise reduction is also obtained if the blade
pitch is reduced at the azimuth angle where the cotre-
sponding tip vortex is generated.



The different effects of 2/rev IBC which were ob-
served in the NASA Ames wind tunnel are gathered
in Fig. 16. The BO105 wind tunne! results were veri-
fied for different harmonic inputs and correlated well
with HHC test in the DNW.
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Fig. 16: BVI Notse Reduction by 2/rev IBC
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Due to the various tests, a pressure sensor on the
blade at about 80% radial section seems to be the
most favourable sensor for the feedback control sys-
tem. The use of the azimuth section implies 4 control
system working in the time domain. A scheme of a
control system for BVI noise reduction is given in
Fig. 17. The feedback signal (blade pressure) will be
processed by an appropriate filtering of the sound
pressure level (SPL) with emphasis on BVI noise
frequencies from 200 to 1200 Hz. Then the azimuth
angle of the maximum BVT noise peaks will be de-
termined by a Kurtosis analysis or a phase lock loop
filtering. Subsequently, the control angle will be gen-
erated,
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Fig. 17 IBC Controller Concept for BVI Noise
Reduction

3.2 Simultaneous Vibration and Noise Re-
duction

High noise and vibration levels normatly occur in low
speed descent flight conditions, which are typical for
a helicopter approach to a beliport. Hence a simulta-
neous reduction of vibration and noise should be
considered as an important task of future rotor active
control systems,

The potential of rotor active control with respect to
simultansous vibration and neise reduction has been
investigated in wind tunnel for both HHC (Ref. 32,)
and IBC (Ref, 11,12) on a 4-bladed BO105 rotor.

1. HHC tests of Fig. 18 where performed by the DLR
in the German-Dutch wind tunnel DNW on a
model rotor (scaling factor 2.5) using a frequency
domain controller. In case of HHC two closed loop
tests with and without vibration feedback were
performed. The noise reduction obtained in both
cases was about three dB. The results demonstrate
that an increase of 4/rev hub loads due to noise
controt can be prevented by application of an ad-
ditional vibration control loop. Anyhow an effi-
cient simultangous vibration and noise reduction
could not be achieved with HHC.

2. IBC full-scale open loop test were performed in
the 40 ft x 80 ft wind tunnel at NASA Ames. The
resubts presented in Fig. 19 demonstrate that IBC
obviously has the required potential of simultane-
ous noise and vibration reduction. A noise reduc-
tion of nearly 12 dB and 80% reduction of the
4/rev non-rotating hub loads were achieved by
open loop testing. As explained in Fig. 16, the
2/rev noise control inputs generate reactioniess
hub loads which do not disturb vibration control.
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Fig. 19: IBC Tests with Simultaneous Vibration and
Noise Reduction

Thus a promising approach in order to establish a
closed loop IBC controdler for simultaneous noise and
vibration reduction for the 4-bladed rotor is to use
2/rev control inputs for noise reduction and 3/rev,
4/rev and S/rev control inputs for vibration reduction.
Due to this frequency separation of the two control
tasks, efficient vibration and noise controliers can be
established.

In future closed loop simultaneous vibration and noise
reductions will be one important research subject at
ECD.
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3.4 Performance improvements and Expan-
sion of the Flight Envelope

An important objective of IBC is to reduce the rotor
power consumption and to extend the helicopters
flight envelope. Both a reduction of fuel weight and
an increase of the flight speed can lead to consider-
able improvements of the aircraft's productivity (Ref.
33)

IBC provides a means of directly contreliing the an-
gle-of-attack distribution and thus the airloads acting
on the blade. Consequently performance improve-
ments and the expansion of the flight envelope are a
specific tasks of IBC and cannot be achieved with
conventional HHC. By application of appropriate [BC
controis it should be possible to avoid stall regions at
the retreating side or to reduce the compressibility
effects at the advancing side of the rotor disk.

Performance Improvement by Reduction of the
Airfoil Drag on the Advancing Side

The potential of IBC alleviation of compressibility
effects is demonstrated by tests on the Bol05.
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Fig. 20: Power Reduction by 2/rev IBC Pitch Contro}
at High Speeds (Advance Ratio 0.4)



The benefits of IBC for reducing the airfoil drag on
the advancing side were investigated in some detail
during the NASA Ames wind twnnel tests with the
BO105 rotor system at a bigh advance ratio of 0.4
and a thrust coefficient of Cy/g=0.075, Due to load
limitations of the test rig, the performance investiga-
tions were focused on level flight conditions at high
speeds. The basic idea was o reduce the disk loading
at the advancing side of the rotor in order to avoid
drag divergence effects occurring at high mach-
numbers. A 2/rev IBC input was used in order to
achieve the appropriate angle-of-attack changes. The
result of an amplitude and phase sweep on the rotor
shaft power is shown in Fig. 20 for fixed trim values
of the propulsive force, the thrust and cyclic flapping.
The power minimum occurring near a phase of 180°
is associated with an angle-of-attack reduction at the
advancing side of the rotor and thus causing a reduc-
uon of drag-divergence due to compressibility effects.
The plots of Fig. 20 show that power reductions above
7% are possible if the IBC control amplitude exceeds
the maximum actuator limit of 2.5°.
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Fig. 21: Profile Power Reduction due to 2/rev IBC at
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Fig. 21 shows the effective angle-of-attack vs. blade
azimuth position, The results where derived from two
chordwise spaced accelerometers. Furthermore the
ptot shows lines of constant profile power distribution
which can be calculated from the 2D-airfoil charac-
teristics (Ref. 11}. The measured 5% power reduction
at 1° IBC inputs is therefore explained mainly due to
the more favourable angle-of-attack curve in the first
quadrant of the rotor disk at the blade tip. One major
problem which might prevent further improvemenis
is the shift of the negative angle-of-attack "half-wave"
near 90° azimuth posizion (trim requirements).

Expansion of the Flight Envelope by Avoiding Stall
Effects at the Retreating Side

Up to now the capability of IBC for improving the
helicopters flight performance in high-speed level
flight was demonstrated. Further investigations per-
formed by several authors are denoted t© an expan-
sion of the helicopter’s flight envelope. A number of
severe physical problems due to stall occur when the
rotor approaches the operational limits: The retreat-
ing blade generates high frequency torsional oscilla-
tions due to negative aerodynamic damping effects,
and the rotor shows a pitch-up tendency accompanied
by controllability problems.

Thus the stall flutter pbenomenon causes a severe
increase of the control system loads, which are in
many cases the main limitations of the helicopter
with respect to an expansion of its flight envelope.
Consequently the alieviation of stall flutter by rotor
active control is an additional reguisite in order to
extend the belicopter’s flight envelope.

First successful experimental closed loop investiga-
tions at high thrust conditions have been published in
Ref. 34 and 35 where an encouraging reduction of the
rotor shaft power of 8% was achieved at an advance
ratio of 0.3 and a thrust coefficient of Cr/o = 0.10. by
application of the new "stall flutier barrier" control
concept. Further analytical results have shown that
power gains of more than 17% shouid be possible in
the extended region of the flight envelope. According
to simulation results the control law used had a bene-
ficial effect on both the rotor flapping stability and
handling qualitics. The “stall flutter barrier” control
concept should be further investigated and applied in
flight.

Futare activities of ECD concerning stall flutter sup-
pression will be focused on a time domain control
approach shown in Fig. 22. Both a reduction of the
pitch link loads and an increase of the torsional blade
damping can be achieved by pitch rate feedback and
by application of a disturbance rejection controller
which is tuned to the "spike” torsional frequency.



It can be expected that this approach also has a
beneficial effect on the rotor aerodynamics. because
increased angle-of-attacks due to stall flutter oscilla-
1ions are prevenied.

Disturbance Rejection
Controfier
“ipar

Damping Algmentition
Asta Fesdback

Fig. 22: IBC Concept for Stall Flutier
Suppresston

3.5 Stability Augmentation by Rotor Control
Technologies

The subject of stability augmentation is related o
many applications on the helicopter, such as the phe-
nomenon of air- and ground-resonance, and various
acroelastic blade instabilities. First applications of
IBC in order 10 achieve a higher lead-lag damping of
the blade are presented in Ref. 19 These investiga-
tions are based on lead-lag displacement and rate
feedback, see Fig. 23. The experimental investigation
of this potential will be another impornant research
topic at ECD.
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= Rate Feadback
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- Negative Pitch-[ T Load-Lag
L:nod é‘:ml:r; Oefloction & Rate

Fig. 23; Lead-Lag Damping Augmentation
by Constant Gain Feedback

4 Penalties of Rotor Active Control
Systems in Comparison with Alternative
Systems

In 1994, ECD and ZFL conducted a joint study to
compare different systems for helicopter vibration
reduction, mnoise reduction and performance im-
provement
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The study was based on a modern helicopter (gross
weight 10 to - 13 to), comparing

— apassive rotor isplation system

— an active vibration reduction system
rotor actve control by HHC

rotor active control by IBC.

System performance was assessed using results from
wind tunnel and flight tests as described above. Sys-
temn weight and cost estimates were based on existing
prototypes (vibration reduction systems) or pre-design
studies (HHC, IBC). The active systems use Servo-
bydraulic actuators.

In order to achieve a fair comparison between the
pure vibration reduction systems and the rotor active
control systems, a hypothetical system design was
considered which is especially tailored in order to
fulfil the vibration reduction task. Besides this it
tuned out that such a design sull preserves she full
BVI noise reduction capability of IBC, since the con-
trol authorities and control loads needed for vibration
and noise reduction are of the same order. Further-
mere a limited power reduction capability still re-
mains in case of IBC. One consequence of this design
philosophy was the limitation of HHC and IBC op-
eration to steady state flight conditions allowing to
reduce the actuator force capacity by approximately
60%. Consequently the locking mechanism men-
tioned in chapter 2 is required in order to inactivate
the rotor active control system in case of manoeuvre
flight. Therefore separated actuators for primary and
multi-cyclic control are used as indicated in Fig. 1.
Based on the assumptions discussed above, the power
and weight penalties of the rotor active conurol sys-
tems will be compared with those of the pure vibra-
tion reduction systems in the following sections.

4.1 Power and Weight Penalties

Besides the system weight itself, the fuel weight
needed to satisfy the system's power consumption
{fuel 1) and to carry the additional weight of the sys-
tem (fuel 2) add 1o the helicopter weight. The data are
based on a 2-hour flight which was the standard mis-
sion of the investigated 10 to helicopter. A power
reduction of 4% at high speed ( sec Fig. 20) and a
share of 50% of high speed flight in the typical mis-
sion were assumed,

The results of the swdy are gathered in the following
three figures:

Fig. 24 compares the resulting weight penalties for
the different systems, The passive vibration isclation
system is used as a reference. The weight penalty for
all systems is roughly 1% of the helicopter gross
weight.



Although the IBC system has a weight penalty of
about 18 % at the first view, the simultaneous power
reduction capability of IBC is equivalent to 21 kg fuel
weight reduction.

-21 kg Fuel Reduction with IBC
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Fig. 25: Power Consumption of Different Systems

Fig. 25 shows the power consumption of the different
systems. The power reduction due to 2/rev IBC is
indicated by an arrow (36 kW),

Fig. 26 shows the weight share of different IBC com-
ponents. Due to the moderate contribution of the
actuator weights it may be concluded that efficient
IBC systems designs are not restricted to 4-bladed
TOtOrs.
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Fig. 26: Weight Compaosition of IBC System

4.2 Production and Maintenance Costs

An estimate of the costs is very difficult as tong as
there is no detailed design. Therefore this study con-
centrates (o point out the major differences between
HHC and IBC. IBC requires additional efforts for

- additional actuators (number of blades minus
three)

~ transfer of data and energy between non-rotating
and rotating frame

- higher complexity of contreller hard- and soft-
ware,

Depending on the current experience with the flight
tested IBC prototype of the Bol0S5, one can assume
that the production costs for IBC are about 30%
higher than for HHC. For the mainienance costs, the
difference should be smalier.

For IBC as well as for HHC there are some require-
mestts under econotnical aspects:

— Safety and airworthiness of the helicopter must
not be affected by any failure of HHC/IBC.

— Most components have to be easily accessible and
exchangeable.

— Parts that are not easily accessible (i.e. IBC mast
fairlead) have to have the same TBO (inspection
interval) as the related helicopter components.

Only under these circumstances operation of
HHCABC systems is economically feasible.

§ Future IBC Actuation System Design
Concepts

Additionai IBC configurations which are currendy
investigated by several manufacturers and research
institutions are summarised below.



individual Blade Control for

¢ Vibration/Noise Reduction

+ Stall Flutter Suppression

» Lift Optimization/Drag Reduction
+ Aeromechanical Stabilization

Solutions by
+ Blade Twist Control.
* Trailing Edge Flaps
* Airfoil Shape Control

Fig. 27: Smart Materials in Future IBC Systems

Individual blade control is achieved here by the con-
trol of trailing edge flaps (Ref, 36, 37, 38), the blade
wwist (Ref. 39), or by changing the airfoil shape (Ref,
40). In the case of biade twist and trailing edge flap
conirpd, the bhlade angle-of-attack can be modified
atong the whole span of the blade. Conseguently it
should be possibie to optimise the span wise lift dis-
tribution. In contrast 1o the conventional blade root
actuation it will be possible to influence the angle-of-
attack directly by avoiding problems caused by the
blade torsional dynamics or by aercelastic pitch-
bending couplings. In the case of airfoil shape control
the intention was to improve the stall behaviour by
controlling the airfoil thickness.

The realisation of these new actuation systems was
mainly based on application of smart materials, see
Fig. 27, left.

Trailing Edge Flaps

Theoretical investigations (Ref. 41) and have shown
that the trailing cdge flap, (see Fig. 27, fghy) is a
primary candidate for the realisation of a piezoelectric
active rotor control system. The flap actuation can be
realised by using active piezoelectric beam-elements
in combination with a leverage arrangement which
perform an appropriate kinematic amplification. The
piezoelectric beam-element consists of two active
plates bonded together. The required flap deflection is
achieved by enforcing opposite strains in those plates.
First results with a piezo-actuated flap on a model
rotor (Ref. 42) showed promising resuits.
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Compared with the smart actuated trailing edge flaps,
the potential of a blade with controllable twist is less
promising. One reason for this is that shear deforma-
tions cannot be created directly by piezoelectric ma-
terials, Therefore the desired torsionai deflections
have 10 be enforced by appropriate blade designs
which where investigated at ECD (Ref. 41). Another
problem is related to the high torsion stiffness of the
rotor blades. Consequently relative thick piezoelectric
layers are required for the generation of any active
shear stresses. Due to the additicnal stiffness intro-
duced by these piecoelectric actuators, the torsional
blade deflection is limited to very small values. Ex-
perimental results (Ref. 39) confirm these difficulties.

The main activities concemning new IBC actuation
concepts at ECD are focused on the design of a pie-
zoelectically actuated trailing edge flaps.

Airfoil Shape Control

Other concepts for extending the helicopter flight
envelope influence the airfoil dynamic stall character-
istics by using a leading edge slat. by blowing or by
airfoil deformation. First experimental and analviical
results performed at the DLR (Ref. 40} indicate that
significant improvements of the moment and drag
hysteresis are achievable by control of the airfoil
thickness. This has been realized by an experimental
pneumatic actuation system.



6 Conclusions

The following conclusions concerning the role of
active rotor control in future rotorcraft can be drawn:

¢ Rotor active control technology is an efficient tool
ir order to cure a wide range of problems associ-
ated with rotor asrodynamics, aeroelasticity and
aeroacoustics:
— Cabin vibrations and BVI noise;
— Compressibitity effects and dynamic stafl.

+ IBC is the only rotor active control system which
has the potential of
— simultaneous vibration and noise reduction,
- shaft power reduction (profile power red.),
— flight envelope expansion {stall fiutter sup-
pression).

» Consequently it can be expected that IBC is the
primary candidate for future rotor active control
realisation,

¢ Prerequisites for efficient rotor active control
" applications in future helicopter projects are:

- Reliable, effective and economical actuation
systems. Smart materials are promising solu-
tions.

— Controliers which cope with unsteady flight
conditions and which handle muitiple tasks
simultaneously. Time domain controliers are
promising candidates.
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