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Abstract

copter individual blade control (IBC) system was
on a full-scale BO 105 rotor in the NASA Ames 40-
80-Foot Wind Tunnel. For this test, the rotating
hlinks were replaced by servo-actuators developed by ZF
fahrttechnik, Germany. Using these actuators, IBC
consisting of single-frequency harmonics (2P to 6P),
pulses, pitch wavelets, and doublet pitch schedules
introduced in an open-loop manner. IBC inputs of 1P-
ere also tested without blades. An extensive amount
ta were acquired for each IBC data point. These data
e rotor performance, vibratory hub forces and
ents, blade loads, control system loads, blade root pitch
n, blade tip accelerations, and BVI noise data. These
dicate very significant reductions of all vibratory rotor
and moments and suppression of BVI noise using

Introduction

nd tunnel test was conducted with a full-scale helicopter
to evaluate the potential of open-loop individual blade

1 (IBC) to improve rotor performance, to reduce blade
x interaction (BVI) noise, and to alleviate rotor hub

tion. The wind tunnel test was an international
orative effort between NASA/U.S. Army AFDD, ZF
tfahrttechnik GmbH, the Deutsche Forschungsanstalt
uft- und Raumfahrt (DLR), and Eurocopter Deutschland
H (ECD). The program was conducted under the
pices of the U.S./German Memorandum of Understanding
OU) on Rotorcraft Aeromechanics.

idual blade control was realized by replacing the
ard pitch-links with servo-actuators. These high-
ency actuators allowed the pitch of each blade to be
olled independently of each other. The specially
ned servo-actuators and IBC control system were
ned and manufactured by ZF Luftfahritechnik GmbH.
wind tunnel test was conducted in the 40- by 80-Foot

Tunnel at the NASA Ames Research Center. The

ted at the Amencan Helicopter Society 30th Annual Forum,
gton, DC, May 11-13, 1994. Copyright © 1994 by the American
ter Society, Inc. All rights reserved.

rotor system used for the test was a full-scale BO 105 rotor
system mounted on the NASA/Army Rotor Test Apparatus

(RTA).

The ability to individually control the angle of attack of each
rotor blade had been desired ever since the pioneering work
of Kretz [Ref. 1], Lemnios [Ref. 2], McCloud [Ref. 3], and
Ham [Ref. 4]. These investigators realized that helicopter
control through the conventional swashplate, whether for
trim or other objectives, was fundamentally limited for rotor
systems with four or more blades. In that case, specification
of the pitch (or servo-flap) control of one blade
predetermined the control for the other blades. This
shortcoming of the conventional swashplate limits the
degrees of freedom available for reducing rotorcraft vibrations
and acoustics because the swashplate does not permit
changing the pitch of one blade without changing the pitch
of the other blades at the same time. Nevertheless, owing to
the expense and added complexity of IBC control systems,
the related and less complex technique of higher harmonic
control (HHC) using conventional swashplate actuators was
explored first. Today, it is recognized that HHC has been
extensively investigated through analytical methods, wind
tunnel testing, and flight tests. Although these studies have
shown HHC to be effective for vibration reduction and BVI
noise suppression (Refs. 5-14), the weight of the hydraulic
system and constraints of the swashplate geometry limit its
overall effectiveness to the point where the benefit obtained
using HHC approaches its cost to implement. For this
reason, HHC systems have not seen usage in very many
commercial applications. :

The first set of high-bandwidth actuators developed for the
rotating system were designed by ZF Luftfahrttechnik,
GmbH (formerly Henschel Flugzeug-Werke, GmbH) more
than a decade ago. This represented a breakthrough in rotor
control technology. Originally, the actuators were designed
for individual blade tracking control. As the program
progressed, however, the bandwidth of the actuators was
steadily increased. By 1990, a flight-worthy set of actuators
was available for introducing 2P to 6P IBC harmonics (nP
means "n" cycles per rotor revolution). The first flight test
introduced +0.24 deg of IBC on a BO 105 helicopter in




1990. This was followed by a second test in 1991 in which
the control authority was increased to +0.49 deg. Although
the initial flight test indicated vibration and noise reductions
using IBC, the limited thrust and speed of the aircraft,
combined with the safety-imposed low authority of the
actuators prevented an exploration of the full potential of the
IBC system [Refs. 15 and 16]. For this reason, a full-scale
wind tunnel test program was proposed using the NASA
Ames 40- by 80-Foot Wind Tunnel and a new IBC system.
The new system was designed to have an even higher control
authority and increased frequency response than the flight
test version. The interested reader is referred to Ref. 17 for a
full discussion of the plans and preparations made to support
the development of this hardware for the wind tunnel testing,
and to Ref. 18 for a complete description of the IBC
hardware.

In the spring of 1993, the first of two proposed IBC wind
tunnel tests was conducted. An extensive database was
acquired during the test which included rotor performance
data, vibratory hub force and moment data, blade loads data,
control system loads data, inboard and outboard blade pitch
motion data, and microphone (BVI noise) data. This paper
presents an overview of that database and a brief description
of the IBC test hardware.

Test Hardware

The IBC test was performed at the NASA Ames 40- by 80-
Foot Wind Tunnel. The four-bladed, BO 105 rotor was
mounted on the NASA/U.S. Army Rotor Test Apparatus
(RTA) which uses two, 1500 HP electric motors to power
the rotor. The RTA has a rotor balance to measure the static
and dynamic rotor hub loads. Figure 1 shows the RTA and
rotor installed in the test section. The test section of this
closed-circuit wind tunnel is treated with sound absorptive
material to allow near-anechoic acoustic measurements down
to 500 Hz.

The RTA was modified for the IBC test to permit the
transfer of hydraulic fluid to the IBC actuators in the rotating
system. For this purpose, ZF Luftfahrttechnik specified the
design of a hydraulic slipring and manufactured new hub
attachment hardware to allow passage of the hydraulic
supply and return lines to the IBC actuators. The general
arrangement of the IBC system on the RTA is shown in
Fig. 2. The 3000 psi hydraulic fluid for the IBC actuators
was routed from the wind tunnel model support struts to a
hydraulic control block mounted inside the RTA. This
control block contained the emergency shutoff valves and the
pulsation dampers (accumulators) needed to regulate the
hydraulic supply pressure.  From this control block,
hydraulic lines were routed to a hydraulic slipring which
connected the hydraulics to supply and return pressure lines
in the rotating system.

The RTA main rotor shaft has a 3-in inner diameter
clearance throughout its length. Originally, this space was
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sageway for instrumentation wires from the
m transducers to an electrical slipring mounted
end of the rotor shaft underneath the RTA
For the IBC test, this space was fully utilized
sage of not only the rotating instrumentation
also the hydraulic lines going to the rotor hub.
ilic slipring, which was mounted between the
shaft and the electrical slipring, also had a center
¢ for the wires going to the electrical slipring.
r hub adapter, which served to connect the rotor
RTA rotor shaft adapter, allowed distribution of
ines to each of the IBC actuators. The hub
o served to support the entire weight of the
ipes, hydraulic slipring, electrical slipring, and
assemblies in order to provide a single-load-path
e rotor balance. Journal bearings positioned near
aulic slipring were used to provide centering
but carried no load in the vertical direction.

hows an IBC actuator schematic and Fig. 4 shows
ctuators installed in the rotor control system. The
rs connected the blade pitchhorn to the rotating
The upper and lower rod ends were the same as
d for the conventional BO 105 pitchlinks. The
tor housing contained the working cylinder and
ring mechanism. The lower housing contained
Ts to measure actuator displacement and a strain
easure the actuator axial (pitchlink) force. The
were designed to operate under a centrifugal load of
ferences 17 and 18 provide a discussion of the
characteristics and the automatic emergency
features used to maintain system safety. Figure 5
plot of the maximum pitch deflection measured in
sting as a function of the commanded input
. The maximum displacement of the IBC actuators
the wind tunnel test was limited to +1.2 deg in order
d fatigue damage of the existing and unmodified
ate and rotating scissors.

actuators were controlled by a computer-based
er developed by ZF Luftfahrttechnik, GmbH. Two
> subsystems were used to compute the control
thereby reducing the possibility of uncontrolled
travel. Each subsystem received an independent
irement of actuator displacement from one set of
s (two LVDTs per actuator). Both subsystems also
d the user-specified IBC command (phase and
itude for up to 12 harmonics) from a personal
ter (PC). Using this information, each subsystem
uted the actuator controls. Although only the
ands from one subsystem was sent to the actuator
valves, both subsystems monitored the displacement
h of the four actuators for position errors. Either
stem could lock-out the IBC actuator motion in the
of an emergency stop of the wind tunnel, loss of rotor
loss of hydraulic pressure, actuator position error, or
ive axial force on any one of the four actuators.

Pitchhorn
Rod End

Working _
Cylinder

- Swashplate
Rod End

Figure 3. Schematic of the IBC actuator.

Test Matrix

Single frequency harmonics of 1P-12P were introduced
without blades to assess the control system inertial forces.
These tests were repeated with blades installed for input
harmonics up to 6P. Single harmonic inputs of 2P - 6P
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Figure 4. Rotor hub with

were extensively studied at several conditions to evaluate
their effects on performance, vibration, and noise. Table 1
presents the test conditions and IBC control amplitudes for
the single-frequency IBC inputs. The reason for relatively
few flight conditions was to maximize the number of IBC
controls evaluated within the allowed test time. At the

IBC actuators installed.

43 kt and 127 kt conditions, data were acquired
minimized flapping and prescribed moment tri
inputs at the 43 kt condition were extensively
because of the high vibration levels produced &
condition. At the 64 kt condition, the rotor shaft was
aft to establish a condition producing relatively hi,
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re 5. IBC actuator frequency response.

e. For most data points, the rotor thrust was selected to
late a 1g level flight condition (C/s = 0.07).
ever, at 85 kts, the thrust was considerably higher
/s = 0.12). The single-frequency harmonic of most
est was the 2P input for its effect on rotor performance,
e, and vibration. In most cases, the IBC control input
e was changed in either 30 deg or 60 deg increments for
11 360 deg of control input phase angle. The pitch
ations for IBC input are given by

Blade 2

AMP * Cos[n(¥ — (i - 1)(90 deg)) - ¢]

Figure 6. Definition of rotor azimuth angles and

s .o N 'th .
ere 0j is the pitch of the i'? blade, W1 is the rotor blade numbers.

uth angle of blade 1 (as shown in Fig. 6), and ¢ is the

Table 1. Test conditions and amplitudes for single-frequency IBC excitation.

Tunnel Speed, kt
(advance ratio)

Harmonic Hover 64 85
Input (0.00) (0.15) (0.20)

2P 0.5 deg +1.0 deg +1.0 deg
+1.0 deg + 1.2 deg

3P +0.5 deg +1.0 deg
+1.0 deg

4P 0.5 deg
+1.0 deg

5P +0.5 deg
+1.0 deg

+0.5 deg
+1.0 deg

%
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Figure 7. 2P IBC control at 270 deg input phase
angle.

IBC control phase angle. The (i-1)*(90 deg) phase shift
insures that all of the four blades follow the same pitch
rotation as they traverse the azimuth. A 2P input with a
phase angle of 270 deg is shown in Fig. 7. As seen in that
figure, the 2P cosine waveform has been shifted 270 degofa
2P period to the right.

The strength of the IBC system lies in its ability to generate
blade pitch schedules which ordinary HHC applied through
the swashplate cannot achieve. For rotors having 4 blades,
IBC allows 2P and 6P excitation, in addition to the 3P, 4P,
and 5P excitation which can be introduced through the
conventional swashplate. Moreover, using combinations of
harmonics 2P - 6P, pitch schedules such as pulses and
wavelets can be created through Fourier synthesis. Figure 8
shows the harmonic amplitudes and phase angles required to
generate the negative blade root pitch pulse. Such
waveforms were tested in the BVI noise reduction studies.
This change in root pitch, however, was not a pulse at the
blade tip because the blade torsional dynamics (first mode at
about 3.6P) changed the magnitude and phase of the IBC

i
VDHEWN=2LaNnw

Blade Pitch, deg

Rotor Az
Figure 9. Negative Wavele

input from root to tip. These m
were calculated from the blade tip
at the 43 kt test condition. Thy
schedule shown in Fig. 9 was req)
pulse shown in Fig 8 at the blade tip.
was called a wavelet. Similar]
pitch input required to produce tw
negative) at the blade tip.

Table 2 presents the test condition:
amplitudes for the multi-frequency i
some combinations of 2-3-4-5P harm
vibration control at 43 kts and 127 1
harmonic input was to generate pitc

for BVI noise reduction. i

Table 2. Test conditions an
multi-frequency IBC exc

05 1 Tunnel
o 50 1 - (advance
2 -0.5 + 3
3 ;
Tt 6 IBC Input 43 kt 64
5 - 4 .10 0.1
S T'i -0.49 0 9 v
o -2 4 0.93 Cos(¥y - 299°)
$ 55 + 0.78 Cos(2¥ - 589) 2-3-4-5 +1.0deg
K] " + 0.57 Cos(3¥ - 177°)
@ -3 4 + 0.35 Cos(4¥ - 296°) + Pulse
35 4 + 0.15 Cos(5¥ - 569
. + 0.01 Cos(6¥ - 178°) - Pulse
Rotor Azimuth, deg + Wavelet
Figure 8. Combination of harmonics 1 to 6 to
form negative pulse at blade root. - Wavelet

584




Instrumentation

0 105 rotor used for the wind tunnel test was
ented as indicated in Table 3. Strain gages were used
ure blade bending moments during IBC excitation.
tion to measuring the change in blade torsional loads
C, the torsional strain gages were also used to help
the IBC input phase shift from the blade root to blade
uced by the blade torsional dynamics. The IBC
plitude attenuation from blade root to blade tip and
shift at the tip were calculated from miniature
meters at the blade tip. Miniature, surface-mounted
- transducers were also used to measure the pressure
leading edge blade locations. These were positioned
, upper blade surface to detect the presence and location
e-vortex interactions. The BVI location information
be used to suggest possible wavelet and doublet IBC
hedules for BVI noise control.

RTA five-component rotor balance was used to measure
stor thrust, side force, drag force, pitching moment and
g moment. Both steady and dynamic loads were
ured. The dynamic measurements were used to assess
ffect of IBC on the vibratory hub loads. Rotor power

calculated from the shaft torque measurement obtained

‘the flex-coupling located between the upper and the

rotor drive shafts.

Instrumentation.

Table 3.

Measurement
otor Blade:

Loc ation
in from center, (R=193.2 in)

o Flap Bending Moment 20
de Chord Bending Moment 28
ade Torsion Moment 65, 77, 110, 155

The displacements and forces of both the stationary
swashplate control actuators and the IBC actuators were
measured. Each IBC actuator had two LVDTs to provide a
dual position measurement for each IBC actuator. Loads on
the control system were evaluated by measuring the axial
force (or pitchlink load) developed in each of the four IBC
actuators and each of the three control rods holding the
swashplate attitude. In addition, the root pitch of each blade

. was measured using resistive strips at the pitch bearing.

Acoustic data was recorded using two moving microphones
below the advancing side and a fixed microphone below and
aft of the retreating side. The advancing side microphones
were fixed in the lateral and vertical directions and moved by
a traverse in the streamwise direction under the rotor.
Figure 10 shows the microphone and traverse positions.
Because data acquisition with the traverse was time-
consuming, only a single position of the traverse was used
for most data points. However, to document the baseline
noise levels and directivity with IBC inputs producing
substantial BVI noise reductions, the traverse was moved to
acquire data from 6 positions under the rotor. These
positions are also indicated in Fig. 10.

Data Reduction

A zero or reference point reading was obtained prior to the
start of each wind tunnel data run. These zero values were
subtracted from the raw data obtained during the run. The
reference point was defined as the rotor collective pitch set to
10.6 deg, the IBC hydraulics turned on, and the wind speed,
rotor shaft angle, rotor RPM, and cyclic pitch all set to zero.

ade Pressures

116, 135, 155, 174

ade Accelerometers

58, 97, 135

ade Tip Accelerometers

Leading Edge, Flap
Trailing Edge, Flap

Lift, Side, and Drag Forces
Pitching and Rolling
Moments

Shaft Torque

C Actuator Position

8 (2 LVDTs per Actuator)

C Actuator Forces

4

washplate Position

1 (LVB'T‘ per Control Rod)

Swashplate Control Rod
Forces

3

_Blade Pitch Transducers

4 (1 per blade)

Microphones:
__Stationary

1,‘retreaﬁng side

Traverse

2

Figure 10.

Microphone and traverse positions




The rotor balance and wind tunnel scale data were corrected
to account for weight changes due to variations in the rotor
shaft angle. A weight tare data set was obtained with the
wind off, acquiring data throughout the shaft angle range and
then curve-fitting the result for the rotor force and moment
data. The curve fit was subtracted from the test data at each
point. Similarly, to eliminate the effects of control system
drag on the rotor forces and moments, aerodynamic tare data
were acquired at a number of airspeeds with the swashplate,
hub, and IBC actuators installed. The data were also curve
fitted and subtracted from the rotor forces and moments data.

Depending on the instrumentation transducers, either static
data, dynamic data, or both were acquired. The static data
represented values averaged over 15 rotor revolutions. The
dynamic data were time histories sampled at 64/revolution or
about 453 Hz. Both original and averaged time histories
were available from the dynamic measurements.

IBC Test Data
IBC Blade Motion

One of the most fundamental questions answered during the
IBC test was whether or not the proposed system would
impart the desired IBC motions to the blade. On the one
hand, it was uncertain how accurately the IBC actuators
would follow the commanded signals. Another issue was
how accurately the actuator stroke would be transformed into
blade pitch motions. The former question regarded the IBC
system controller, whereas the latter depended mainly on the
control system stiffness and the effect of the blade torsional
dynamic response.

Comparison of commanded and measured stroke amplitudes
for IBC inputs 2P through 6P showed that the IBC
controller worked quite well. The transformation of actuator
stroke into pitch angle was found to be very repeatable, with
one millimeter of actuator stroke producing 0.34 deg of
blade pitch at the root. The one exception was for input at
4P IBC excitation, which produced a loss of about 18
percent. The reason was that at 4P, all four of the actuators
were moving together in phase, causing a vertical vibration
of the swashplate assembly.

The most accurate transformation, even for inputs smaller
than 1 mm, was achieved for 2P and 6P inputs. At these
frequencies, the IBC actuator forces canceled each other in
the rotating system, so that virtually no 2P or 6P control
loads were transmitted to the stationary frame.

The accuracy of the IBC motion fell for inputs less than
10.5 deg amplitude. This was probably the result of lost
motion in the control system amounting to about 0.1 deg.

Prior to the IBC test, it was recognized that the blade
torsional dynamics (first mode about 3.6P) would alter the
IBC input magnitude and phase from blade root to blade tip.
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For this reason, miniature accelerome:
the blade tip in order to calculate the
blade tip (Fig. 11). As shown in Ref
these accelerometers are summed, th
given by

(anLE + anTE)
RQ?

I :

where n is the IBC input harmonic num
the lcading edge and trailing edge acce
8,, is the nth harmonic of the pitch at

amplitude of the ath BC harmonic at th
is therefore ‘

(I + 1 ) (@2~ (nQ)*)
and the phase shift of the nth harmo
¢Tip,nx iS

are presented in Table 4.
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Figure 11. Position and sensing di
accelerometers located at the blade ti




IBC magnitude and phase shifts
duced by blade torsional dynamics.

Phase
Lag,
deg nP

Phase
Lag,
deg ¥

. Root Amp. at
: Blade
Tip

0.60
0.50
0.58
0.21
0.15

-10 deg
-13 deg

-20 deg
-39 deg
-132 deg
-210 deg
-204 deg

-33 deg
-42 deg
-34 deg

atory Hub Loads

effect of IBC on rotor vibration was evaluated using the
illatory hub loads acquired from the rotor balance. The
condition was studied because it exemplified the high
ration found in the transition region between hover and
ward flight. For this study, the rotor was trimmed to
nimize 1P flapping. Because the BO 105 rotor was four-
ded, the 4P vibration component was the largest. Figure
A shows a large 4P hub pitching moment for the case of
IBC excitation at the 43 kt flight condition. The
nant 4P vibration was also seen in the other rotor
ance forces and moments. Further, as shown in Fig. 12B
- 4+1.0 deg, 3P IBC input at 90 deg phase angle, the rotor
vibrations remained dominated by the 4P component
th IBC excitation. This was true for the other rotor hub
es and moments as well, with few exceptions.

the plots which follow, the effect of IBC on the 4P hub

es and moments is presented for IBC inputs of 2P
ough 6P at the 43 kt high vibration condition. The 4P
lane hub shear force magnitude was computed as the
ctor sum of the drag and side forces. Similarly, the 4P
b bending moment was computed as the vector sum of the
tching and rolling moments. However, the moments and

corrected to account for dynamic amplification or attenuation
of the balance outputs. Since the 4P pitching moment
measured by the balance was sometimes as much as 3 to 4
times the theoretical aircraft shaft bending limit (15,000 -
20,000 ft-1bs), the dynamic corrections, when made, will
have large effects. At this time, calibration of the rotor
balance to account for all of the interactions is yet in
progress [Ref. 20]. Nevertheless, the effect of IBC on the
trend of the 4P hub forces and moments relative to the
baseline (no IBC) condition is held to be valid, even though
the absolute magnitude of the forces and moments may be in
error.

Moment, ft-lb

0 - ; : .
O N =T w oo O N ¢ v o O
- Lo - - - N

Harmonic

Figure 12A. Pitching Moment at 43 kts
without IBC.

Moment, ft-lb

O N =w 0w o o N - ©w ©o©
- - - -

Harmonic

Figure 12B. Pitching Moment at 43 kts with
+1.0 deg 3P IBC input at 90 deg phase angle.
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The effect of 0.5 deg and 1.0 deg of 2P IBC excitation on
the 4P hub forces and moments at the 43 kt condition is
presented in Figs. 13A and 13B, respectively. The 4P lift,
4P in-plane shear force, and 4P bending moment were
reduced or amplified simultaneously, depending on the phase
of the 2P IBC input. The effect of doubling the IBC pitch
amplitude was roughly to double the amount of reduction in
the 4P forces and moments. The highest reductions in the
4P hub loads occurred at a 2P phase angle of 60 deg.

Figures 14A and 14B show the effect of 3P IBC on the 4P
hub vibrations using input amplitudes of 0.5 and +1.0 deg,
respectively. In a manner similar to the effect seen for 2P
IBC, the 4P hub lift, 4P hub shear force, and 4P hub
bending moment were reduced or amplified as the phase of
the 3P input was varied. At +1.0 deg and a phase of 150
deg, Fig. 17 shows nearly complete suppression of the 4P
lift force and about 50 percent reduction of the 4P hub shear
force and 4P hub bending moment.




—o—A4P Hub —%—4P Hub -#—4P Hub
Lift Shear Moment

~-—-Baseline ——~ Baseline -«---- Baseline,

Forceinib
Moment in ft-ib x 0.10

120
2P Control Phase

240

Forceinib
Moment in ft-lb x 0.10

180

) 60 150
2P Control Phase

Figure 13. Effect of 2P IBC on 4P hub loads at
43 kt with minimum 1P flapping trim: A) + 0.5
deg, B) * 1.0 deg.

The 4P IBC input at 43 kt could not be introduced with
+1.0 deg amplitude because of high loads developed in the
primary control system. Nevertheless, Fig. 15 shows that
for even 0.5 deg of 4P IBC input that the rotor hub 4P
forces and moments were significantly reduced. In fact, the
reductions were almost as large as that seen using +1.0 deg
of 3P excitation. The optimal phase angle for 4P input was
240 deg to minimize the 4P in-plane forces and hub
moments. The 4P vertical forces was best minimized at 300
deg.

Figures 16A and 16B show that the 5P IBC inputs had little
or no beneficial effect on the 4P hub vibrations at the 43 kt
flight condition. At most phase angles, SP input increased
the oscillatory hub loads from the baseline values. For £0.5
deg input, a slight reduction in all five hub forces and
moments was achieved at a SP input phase angle of 30 deg.

Figures 17A and 17B show that the 6P IBC inputs usually
increased the 4P hub vibrations at the 43 kt flight condition.
Although the 4P hub oscillatory lift force was slightly
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5P Control Phase

th minimum 1P flapping trim: A) *+ 0.5
+ 1.0 deg.

a few phase angles, there was no 6P input which
all 5 components of the rotor balance outputs at

f the IBC inputs tested at 43 kt and +0.5 deg and
 amplitude, it was seen that raising the amplitude
hange the phase angles of best vibration reduction
of the IBC harmonics. The changes in the 4P hub
d moments with IBC input amplitude indicated the
) be fairly linear with IBC input magnitude.

onclusion gained from the data at 43 kt was that
lly all of the rotor balance forces and moments were
d in a similar fashion as a function of the IBC input
angle. Hence, a vibration controller designed to
s only 4P hub pitching moment would likely also

all of the other 4P hub forces and moments at the
me. If valid at higher airspeeds, this would mean a
crable reduction in the state description needed to
lerize the vibration state.
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Figure 17. Effect of 6P IBC on 4P hub loads at
43 kt with minimum 1P flapping trim: A) + 0.5
deg, B) + 1.0 deg.

Blade Loads

The effect of IBC on blade loads was examined for the 43 kt
flight condition with the rotor trimmed to minimize 1P
blade flapping. The data for +0.5 deg and +1.0 deg IBC
excitation displayed similar trends as the IBC phase angle
was varied.

IBC did not have a substantial effect on the mean flap
bending moment and the mean torsion moment. However,
the mean chord bending moment was slightly affected by 2P
and 3P IBC inputs, as shown in Figs. 18A and 18B. It was
found that 3P inputs generally resulted in a reduction of the
mean chord bending moment, with a maximum of 8 percent
reduction. The 2P inputs caused reductions of about 3
percent as well as increases of about 5 percent, depending on
the IBC phase angle. These increases and decreases in mean
blade loads are not large and could simply be the result of re-
trimming the rotor to minimize the 1P flapping.




Baseline ——+ 0.5
deg

—@—=1.0
deg

-2400
-2450
-2500
-2550
-2600
-2650
-2700
-2750 4 } } } } :

0 60 120 180 240 300
2P Control Phase

A

in-lb

ing, in-

Mean Chord

Bend

Table 5. Torsion
loads with |g

IBC

———Baseline —¥—+ 0.5
deg

—9—+ 1.0
deg

-2300
-2350
-2400
-2450
-2500
-2550

ing, in-lb

Mean Chord

Bend
o
(2]
(o]
[=]

-2700 t } } }

30 90 150 210 270 330

3P Control Phase

Fig 18A. Effect of IBC on mean chord bending
at station 110.0: A) 2P, B) 3P.

The most significant effect of IBC on oscillatory blade loads
was an increase in the oscillatory torsion moment for all
IBC inputs tested. As expected, the loads increased with
increased IBC amplitude. Fourier analysis of the blade
torsional strain gages showed that the harmonic most largely
effected corresponded to the IBC input frequency. Table 5
presents the nP torsional loads at 40 percent, 57 percent, and
80 percent radial station produced by nP IBC excitation.
The effect on torsional loads other than nP was negligible In
most cases, doubling the excitation from +0.5 deg to +1.0
deg doubled the torsional moment.

IBC also showed a large effect on the oscillatory flap
bending moments (Fig. 19). The 2P and 3P inputs resulted
in slight reductions at one phase angle and substantial
increases of up to 100 percent at the other phase angles, as
shown in Figs. 19A and 19B. Figure 19C shows that +0.5
deg 4P IBC input caused a reduction of about 15 percent at
300 deg phase angle, and an increase of about 25 percent at
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0.40 /R g
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5P, 0.5 deg +355
5P, 1.0 deg +705
6P, 0.5 deg +305
6P, £1.0 deg +605

120 deg input phase angle. Figure
the 5P and 6P IBC inputs incre
bending moments at all input ph
presents the harmonic load distributi
bending moment at blade station 2
that the harmonic most increase
harmonic of IBC excitation, the of
affected as well.

All frequencies but 4P IBC had a
oscillatory chord bending moments.
reduction (about 50 percent) was achieve

Table 6. Harmonics of
bending moment at statio
excitation (in-I

IBC 1P 2P 3P 4
Input* '
No IBC 448 180 575
2P at 120° 1404 905 572
3P at 330° 242 559 1099
4P at 120° 584 394 783
SP at 270° 78 349 857
6P at 240° 264 111 357 370

" inputs applied at +1.0 deg; (4P a:
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Fig 19, Effect of IBC on oscillatory flap
bending at station 20.0 at 43 kt and minimum

1P flapping trim: A) 2P, B) 3P, () 4P, D) 5P,
and E) 6P,

*1.0 deg and 150 deg input phase angle, as shown in Fig.
20A. Figures 20B and 20C show that 5P and 6P IBC
reduced the chord bending moment by 20 percent or increased
it by 70 percent, depending on the phase angle. Table 7
presents the harmonic load distribution in units of in-Ib
chord bending at blade station 110. It is seen that the 3P at
150 deg achieved a load reduction by mainly reducing the 4P
component. This is the same phase angle for best 4P hub
load reduction using 3P IBC. Although the 5P input
mostly effects the 5P chord bending, the 6P input also
strongly influences the 4P chord bending loads.
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Table 7. Harmg
Bending Moment
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flapping trim
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Input*
No IBC 467

3P at 50° 353
SP_at 90° 684
6P at 80° 652
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Control System Loads

To determine the influence o
loads, the mean and half peak-to-
forces were examined. Data froq
averaged for the results prese
showed a negligible effect on
half peak-to-peak values increa
Fig. 21. As expected, the aciu
proportionately with IBC amplituc
input frequency. For 2P and 3P ex
21B), the amount of force increa
IBC input phase angle, but not for ;
Like the oscillatory blade torsio
actuator forces were the highest for

Inevitably, pitching the blades wit
control system loads very noticeabl
actuators were designed to produce +3
pitch, only +1.2 deg of blade pitch could
the wind tunnel test before the loads reac
stand swashplate rose above the e

However, the upper control system of
itself would have withstood the IBC act
in this test at full-stroke without inc
damage.

Rotor Performance Data

A major objective of the wind tunnel
determine the ability of 2P IBC to reduce
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to maintain roll moment equilibrium, the
utilize increasing 1P lateral cyclic pitch i
flight speed increases. This serves to inc
pitch on the retreating side, while decreasin;
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blade becomes stalled due to the high incre
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21. Effect of IBC on IBC actuator axial
: A) 2P and B) 3P.

lic pitch input. Using 2P control, the onset of stall
ht be suppressed by phasing the IBC input to reduce the
angle of attack on both the retreating and advancing
of the rotor, while further loading the fore and aft
tions of the rotor disk. At first thought, it would seem
t a small subtraction of pitch angle from both sides of the
or (and the addition of pitch fore and aft) should not
atly change the 1P pitch and roll moment equilibrium.

However, during the IBC test it was found that input of 2P
C did, in fact, change the trim state of the hehcopter very
gmflcantly Figure 22 shows large changes in the steady
ub pitching and rolling moments produced by +1.0 deg of
P IBC at 127 kt with the rotor trimmed to minimize
apping. This made, assessment of the effect of 2P IBC on
rformance very difficult, if not impossible, because the
casured shaft power was influenced by changes in the rotor
im state. The variation in rotor lift and horsepower is
hown in Fig. 23 for the same 127 kt flight condition. The
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Moment, ft-lb

18 27
2P Control Phase

Fig 22. Pitch and roll moment changes at
127 kt, mimimum flapping trim.

—%—HP —@—Lift

Percent Change

920 18
2P Control Phase

Fig 23. Lift and HP changes at
mimimum flapping trim.

127 kt,

change in measured shaft power varied harmonically as the
2P IBC phase angle was varied. This variation was also
present in the hub pitch and roll moment, as seen in Fig.
22. From Fig. 23, it would appear that the best 2P control
phase angle for power reduction would be 330 deg, where a 5
percent reduction in shaft HP is indicated. However, because
of the variations in the rotor trim state, another data set with
the rotor trim held constant is required to substantiate this
finding. Accounting for the 20 deg phase lag from blade
root to blade tip at this input frequency, the 330 deg 2P
input would place maximum negative tip pitch angles at
about 265 deg and 85 deg rotor azimuth. These phase angles
were close to the optimum negative 2P pitch peaks predicted
to occur at 90 deg and 270 deg in order to avoid retreating
blade stall.




The effect of 2P IBC on performance at high thrust (C/s =
0.12) was evaluated for an 85 kt airspeed condition. The
change in thrust and rotor power was similar to that seen at
127 kt at 1g thrust. Again, however, another test with the
rotor roll moment, pitch moment, and thrust kept invariant
with 2P phase angle input is required to assess the true
performance gain,

Blade Vortex Interaction Noise

Acoustic data were acquired in an area below the rotor as
shown in Fig. 10. For this area, several types of IBC were
found to be effective in suppressing BVI noise. IBC inputs
tested to reduce BVI noise included single-frequency 2P, 3P,
and 6P, as well as pulse, wavelet, and doublet inputs. The
best reductions in BVI noise were found using 2P IBC input
at phase angles of 60 deg and 270 deg, with 60 deg angle
being somewhat better.

Without IBC, Fig. 24A shows a large BVI noise signature
riding on top of a lower frequency, blade loading noise
component. - As shown in the plot, band-pass filtering was
used to remove the low frequency loading noise component
10 more clearly display the BVI noise pressure spikes. At
the present time, it is uncertain whether the low frequency
noise is only a wind tunnel reverberation effect since it does
not appear in flight test data analyzed thus far for the same
rotor [Ref. 21].

With +1.0 deg of 2P IBC at 60 deg input phase angle, Fig.
24B a large decrease in the BVI noise., This amounts to a
power reduction of over 7 dB from the baseline case for the
BVI frequency bandwidth analyzed. Effectively, 80 percent
of the BVI noise signature was removed using 2P IBC.
Moreover, the peaks of the low frequency noise component
were reduced by half at the same time. Similar reductions in
the BVI sound pressure were seen at all microphone
locations, but varied somewhat depending on the
microphone location.

Although it is obvious that these inputs did something to
avoid the blade-vortex interaction, the exact reason the 60
deg and 270 deg 2P inputs reduced the BVI noise is a matter
of speculation. The 2P pitch schedules for these two inputs
(corrected for tip phase lag) are shown in Fig. 25. Given
Fig 25 and considering that the possible mechanisms of BVI
reduction include weakening the strength of the tip vortex
produced in the second and third rotor plane quadrants, or
increasing the vortex-blade miss distance primarily in the
first and fourth quadrants [Ref. 22], many scenarios of how
the 2P inputs reduced the BVI noise are plausible. It is
interesting that the two best inputs are nearly exactly out of
phase with each other, Perhaps these inputs change the
vortex-blade miss distance, and it doesn't matter much if the
distance is increased positive or increased negative,
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t conclusion to be drawn from the noise
hieved with 2P IBC is that a significant BVI
on can be achieved by varying only the phase of
angle. In Ref. 14 it was shown that feedback

a single microphone at a representative

the helicopter fuselage is feasible. However,

e controller used in that study formed the
t state vector from more than a dozen harmonics
tic spectrum, only one may really be needed.
ause only one degree of freedom, the phase of the
put, either reduced or increased the BVI power
ference 23, presents a more through exposition of

sf single-frequency and multi-frequency IBC inputs

Conclusions

idual blade control full-scale, wind tunnel test
herein was a highly successful, cooperative research
nducted by NASA and ZF Luftfahrttechnik under
ces of the U.S./German MOU in Rotorcraft
wanics. The IBC system, developed by ZF
chnik, was tested on the NASA/Army Rotor Test
in the Ames 40- by 80-Foot Wind Tunnel. The
to +1.2 deg of open-loop IBC was studied at two
forward flight speeds and one condition
tive of a descent profile generating relatively high
VI noise.

C functioned well in terms of imparting high-

blade root motions at the desired amplitudes and
“Good root pitch input accuracy was achieved for
iplitudes of £1.0 mm (£0.34 deg) or more, except for
¢ of 4P IBC excitation, where an 18 percent
e loss occurred.

3 kt condition, single-frequency IBC inputs of 2P -
litaneously suppressed all of the 4P rotor balance
d moments as much as 50 to 70 percent, depending
nput IBC phase angle. To a lesser extent, the 5P

Iso achieved a reduction of all hub forces an

ts. The 6P IBC inputs were seen to raise vibration
all phase angles.

ffect of IBC on blade and control system loads was
d at the 43 and 127 kt flight conditions. The effect of

put was to either raise or lower the blade torsional and
wise loads depending on the IBC input phase angle.
)ad on the actuators (pitchlinks) were always higher
without IBC and increased with both increasing
tude and frequency. The loads on the swashplate
uced by the IBC actuator forces limited the IBC input
tude to +1.2 deg.

I:fect of IBC on rotor performance was uncertain due to
ons in the rotor trim state with 2P IBC input. A
Tmance improvement of about 5 percent was measured

at the best 2P input phase angle without maintaining trim.
Further testing is required to substantiate this finding.

The effect of 2P, 3P, 6P, pulse, wavelet, and doublet IBC
inputs were studied to evaluate their effectiveness in reducing
BVI noise. The largest reduction of 7 dB was obtained using
a 2P input. Reference 23, presents a more detailed
discussion of single-frequency and multi-frequency IBC

“inputs on the BVI noise.
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