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Abstract
After its first wind tunnel test in 2015, the multiple swashplate system (META) as well as the DLR’s rotor test
rig were modified and upgraded extensively to allow IBC operation on a five-bladed rotor system. In late 2016
a second wind tunnel test was performed on a Mach-scaled, five-bladed model rotor with the goal to reduce
vibration, noise and required rotor power on a five-bladed rotor in different flight conditions using proven IBC
strategies. Highlights of the test matrix were 2/rev sweeps and the test of different localized pitch control
(LPC) strategies for reduction of noise and required rotor power. In simulated high-speed flight, the required
rotor power was successfully reduced using a 2/rev input with an amplitude of 1°. In descent flight condition,
significant BVI noise reductions relative to the baseline case were achieved on both sides of the rotor disk
through the application of 2/rev HHC as well as a localized pitch control (LPC) schedule. In addition the
5/rev hub vibration levels were reduced significantly both through the application of 3/rev IBC and a vibration
controller using a 4-6/rev multi-harmonic IBC signal. The highest reduction was achieved for the vertical 5/rev
force, nearby eliminating the most prominent component of rotor hub vibrations

Notation

CT thrust coefficient
Fx,y,z hub forces (non-rotating frame)
IBM,5 index for blade bending moments with

influence on 5/rev hub loads
Mx,y,z hub moments (non-rotating frame), Nm
Nb number of blades
p pressure, kPa
r radial coordinate, m
R rotor radius, m
V I5 weighted 5/rev vibration intrusion index
ytip,el elastic lag displacement at the blade tip
ztip,el elastic flap displacement at the blade tip
αS rotor shaft angle, deg
βP C pre-cone angle
γ flight path angle of the model, deg
Θ0,C,S collective and cyclic control angles, deg
Θn n/rev HHC amplitude, deg
σ solidity
φn phase of elastic n/rev blade torsion, deg
ϕn n/rev HHC phase, deg
ϑ individual blade pitch angle, deg
µ advance ratio
ψ azimuth angle, deg
Ωref rotor rotational frequency, rad/s, Hz

Abbreviations

ADC Analog-Digital Converter
BL Baseline
DLR Deutsches Zentrum für Luft- und Raum-

fahrt e.V. (German Aerospace Center)
DNW Deutsch-Niederländischer Windkanal

(German-Dutch Wind Tunnels)
FTK Fortschrittliche Taumelscheibenkonzepte

(advanced swashplate-concepts)
HART HHC Aeroacoustics Rotor Test
HHC Higher Harmonic Control
h.p. High-Pass filtered
IBC Individual Blade Control
LLF Large Low-Speed Facility
LPC Localized Pitch Control
META MEhrfach-TAumelscheibe

(Multiple Swashplate Control System)
MN, MV Minimum Noise, Minimum Vibration
SKAT Skalierung und Risikominimierung von

Technologie bei innovativem Design
(Scaling and risk-minimization for
technology with innovative design)

SPL Sound Pressure Level
SPL.rel Sound Pressure Level relative to max.

level of the respective frequency range
SPR Stereo Pattern Recognition



1. Introduction

Helicopters, while having advantages making them in-
dispensable in many applications, are prone to high
noise and vibration levels as well as comparatively
high power consumption in high-speed flight. In ad-
dition to passive measures – such as optimized fuse-
lage and rotor blade designs – the field of active ro-
tor control offers a variety of approaches to address
these specific problems directly at their source [1–3],
many of which have been the subject of research at
DLR [4–7]. In 2008, the DLR introduced and patented
a novel active rotor control system for achieving com-
plete individual blade control (IBC) on rotors with
more than three blades without using actuators in the
rotating frame [8–11]. The Multiple Swashplate Sys-
tem (META) has since been integrated into the DLR’s
rotor test rig and its IBC capabilities have been suc-
cessfully demonstrated on a four-bladed rotor both in
hover conditions [12] and in the wind tunnel [13, 14]
within the project FTK-META.

As part of the follow-up project SKAT (scalability and
risk-minimization of technology with innovative de-
sign) together with Airbus Helicopter Germany, the
Multiple Swashplate System and the DLR’s rotor test
rig have since been equipped with a five-bladed rotor
hub and modified for 5-blade IBC operation. After ex-
tensive updates to both soft- and hardware and pre-
tests at DLR’s own rotor test facility, the system en-
tered the DNW’s large low speed facility (LLF) in the
Netherlands for nine days of testing. The goal of this
wind tunnel test was to research the transferability of
established IBC strategies for performance enhance-
ment as well as noise and vibration reduction from a
four-bladed to a five-bladed rotor system.

The first part of this paper outlines the changes and
updates of the META system, the test setup and the
measurement systems used in the wind tunnel. The
second part of the paper then discusses selected re-
sults of the wind tunnel test with regards to changes
in noise emissions, vibration levels and rotor perfor-
mance and in comparison to results from the earlier
FTK-META test.

2. Test setup

2.1. Text conditions and test matrix

In order to maintain comparability between the re-
sults, the test hardware as well as the principal test
conditions and procedures closely resembled those
of the first wind tunnel test of the META system in
the project FTK-META, which are extensively docu-
mented in [13] and [14]. The following section there-
fore only outlines the changes and upgrades made for
accurate and safe 5-blade IBC operation of the META
system as well as changes in the measurement setup
at the DNW LLF.

As in the FTK-META test, IBC tests were performed
for three different simulated flight conditions – descent
flight, cruise and high-speed level flight. The respec-
tive trim conditions are summarized in table 1.

Table 1: Forward flight trim conditions overview

Condition V∞, m/s 100 · CT γ αS

Descent 33 0.600 7.0° +6.7°
Cruise 66 0.604 0.0° −5.6°
High-speed 76 0.605 0.0° −7.5°

Besides single frequency HHC with frequencies from
2/rev to 6/rev, multi-harmonic control inputs were
tested using a T-matrix based vibration control algo-
rithm. Based on random multi-harmonic inputs and
measured 5/rev vibrations, this algorithm first identi-
fies a linear model of the rotor (the so called T-matrix)
and subsequently uses a quadratic programming ap-
proach to determine optimized HHC signals for vibra-
tion reduction while adhering to user-set limits. The
details of the control algorithm are documented in
[15]. Additionally, the effects of localized pitch con-
trol inputs which have been shown to be potentially
beneficial for BVI-noise reduction [16] and rotor per-
formance enhancement [17–20], were evaluated. An
overview of the test matrix is given in table 2.

Table 2: Test matrix overview

IBC input / phase sweeps V∞, m/s
33 66 76

2/rev HHC Θ2 = 0.4° 3
2/rev HHC Θ2 = 0.8°, Θ2 = 1.0° 3 3

3/rev Θ3 = 0.3° 3
3/rev Θ3 = 0.5°, Θ2 = 0.8° 3 3

4/rev Θ4 = 0.2° 3 3 3
4/rev Θ4 = 0.4° 3 3
4/rev Θ4 = 0.55° 3 3

5/rev Θ5 = 0.2° 3 3
5/rev Θ5 = 0.35° 3 3 3
5/rev Θ5 = 0.45° 3 3

6/rev Θ6 = 0.2° 3 3
6/rev Θ6 = 0.3° 3 3 3
6/rev Θ6 = 0.4° 3 3

Vibration control 4-6/rev 3 3 3

LPC Θdip = ±0.3°, Θdip = ±0.6° 3 3
LPC Θdip = ±0.75° 3 3 3
LPC Θdip = ±1.1° 3 3

The LPC function tested in the wind tunnel consists of
one so-called ’dip’, which increases or decreases the
pitch angle of the rotor blade in a certain, predefined
sector of the rotor disk. To make a realization of this
kind of control signal possible with the META system,



the change in pitch was not defined as a step function,
but as a function with a semi-sinusoidal lead-in and
lead-out. The details regarding the definition of the
LPC-function can be found in [20].

Both the amplitude Θdip and the azimuthal location
(or phase) ϕdip were modified during the LPC-tests
documented in this paper. The width of the LPC func-
tions remained constant at 90° with a symmetrical
lead-in and lead-out (Φ1 = Φ2 = 45°) and no plateau
(ΦH = 0°). An example of the tested LPC function
with a pitch increase of ∆ϑLP C = 0.75° at the az-
imuthal position ϕdip = 90° is shown in Fig. 1.
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Figure 1: Basic form of LPC-function (dip)

2.2. Model rotor and META

In order to support IBC operation with 5 blades, the
DLR’s rotor test rig was equipped with a five-bladed
rotor hub designed on the basis of the preexisting
Bo105 model rotor hub, see Fig. 2.

Figure 2: CAD-drawing of 5-bladed Bo105-type hub

Furthermore, the multiple swashplate system origi-
nally designed for 4-bladed model rotors was modified
in both hard- and software. Both swashplates were re-
designed to accommodate a fifth control rod, resulting
in an asymmetric distribution of control rods on the
swashplates. The rotor is split up into two indepen-
dent subrotors with 2 blades on the outer swashplate
and 3 blades on the inner swashplate. A schematic
depiction of the META’s two subrotors for five-bladed
operation is shown in Fig. 3.

The META’s control software for IBC and LPC-
operation was modified accordingly. Due to the asym-
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Figure 3: Subrotors of the 5-bladed META system

metric arrangement of rotor blades on the respective
swashplates, 2/rev and 3/rev control in the rotating
frame result in multi-frequency control signals for the
actuators in the non-rotating frame. Besides limiting
control authority for these frequencies, this made the
control system much more susceptible to small dif-
ferences in the dynamic behaviour of the hydraulic
actuators themselves as well as signal runtime dif-
ferences between actuators, resulting in inacceptably
high blade-to-blade differences in both amplitude and
phase of HHC signals.

As a remedy, the controller for the META’s hydraulic
actuators was upgraded to a notch-filter based sys-
tem and the rotor hub was equipped with redundant
pitch angle sensors (2 per blade). On top of the acu-
ator strokes computed in real time using a kinematic
model, the signals from the pitch angle sensors are
fed back into a PI-controller with limited autority to en-
sure the correct IBC amplitude and phase for each
blade. With the upgraded control system, control sig-
nal deviations and blade-to-blade differences were ef-
fectively reduced to ∆Θn ≤ 0.05° in amplitude and
∆ϕn ≤ 1° in phase for each frequency.

The resulting control frequencies for the actuators of
the 5-bladed META system for each n/rev HHC input
(2-6/rev) are summarized in table 3.

Table 3: Control modes on 5-bladed META system

IBC input Actuator control frequencies
1/rev 2/rev 3/rev 4/rev 5/rev

2/rev 3 3 3
3/rev 3 3 3
4/rev 3
5/rev 3
6/rev 3

2.3. Measurement equipment

The measurement equipment and the measurement
procedures were mostly identical to the FKT-test as
documented in [13, 14]. The following sections there-
fore contain only a short description of the measure-



ments systems, as well as upgrades and deviations
from the FTK-setup.

2.3.1. Acoustics

The microphone systems used to measure the acous-
tic characteristic of the SKAT rotor are practically iden-
tical to the setup which was applied for the META test
in 2016 [13]. Both systems and their position relative
to the wind tunnel model are shown in Fig. 4.

Figure 4: Wind tunnel model and acoustic systems

With the first system the flyover noise field below
the rotor plane was measured in order to produce
so called ’noise-carpet’ plots. The system consists
of 13 microphones installed on a traversable in-flow
wing. The microphone signals were measured in par-
allel by two of DNW’s 16bit-ADC Viper acquisition
systems. One data set of signals was measured in
phase-locked mode with 2048 acquisition steps per
rotor revolution and the other data set was measured
with a fixed sampling frequency of 102.4 kHz. For
both acquisition types the continuous sampling dura-
tion was at least 10 s (≈175 rotor revolutions).

The second acoustic system with a phased micro-
phone array of 4x4 m2 aperture and 140 microphones
was used for noise source localization within the ro-
tor disk. The array was placed out-of the flow onto
the traverse support for the in-flow microphones of the
first acoustic system. The signals from the array were
measured with DNW’s 24bit-ADC Viper HDR system
with a fixed sampling frequency of 102.4 kHz and a
sampling duration of at least 10 s.

2.3.2. SPR-system

The same SPR-system as in the FTK-test [13]
was used for stereoscopic tracking of blade-mounted
markers and to determine the contribution of the in-
dividual modes in flapping, lead-lag, and torsion after
post-processing.

The markers were detected at 30 equally spaced az-
imuthal positions and the number of averaged sam-
ples to determine the final marker positions was re-
duced from 10 (FTK-project) to 5, which proved suffi-
cient in terms of tracking accuracy while reducing ac-
quistion times considerably. Twelve strobe lights were
mounted on a ring-shaped truss illuminating the rotor
from above with light pulses of 0.5 µs duration. The
cameras were equipped with band pass filters to pass
only the fluorescence light and block out stray light in-
terfering with the measurement, thus ensuring good
contrast of the markers detected in the images.

To obtain optical pitch angle measurements (see also
’Blade deformations’ section), two additional markers
per blade were applied to the aluminum blade mount-
ing bracket, directly adjacent to the two resistive pitch
angle sensors mounted on the pitch arms of rotor
hub. Fig. 5 shows the different marker positions on
the wind tunnel model mounted in the test section of
the DNW LLF.

Figure 5: Marker positions on model rotor blades,
blade roots and rotor hub

2.3.3. Blade instrumentation

For this wind tunnel test, the FTK-blades from the first
wind tunnel test [13, 14] were re-used. In addition, a
fifth FTK-blade was manufactured and equipped with
several dynamic pressure sensors for the detection of
BVI-events. The positions of the pressure sensors on
the 5th FTK-blade are shown in Fig. 6.

FTK blade

0.4R
0.1c

pressure sensor
c/4 line

0.54R
0.1c

0.7R
0.1c

0.8R
0.1c

0.87R
0.09c 0.98R

0.15c

Figure 6: Pressure sensor positions on 5th FTK-blade



2.4. Test procedure

In general the test procedure as well as the proce-
dures for SPR blade tracking and acoustic measure-
ments were identical to the procedures applied during
the FTK-test. Details on the test and measurement
procedures as well as the applied post-processing
techniques can be found in [13].

The model rotor was manually trimmed for zero hub
moments (MX

!= MY
!= 0) and the respective thrust

level for the chosen flight condition. If IBC was ap-
plied, the model was retrimmed before measuring and
taking a datapoint.

For acoustic measurements, the microphone array
system was used to quickly and efficiently determine
maximum and minimum BVI-noise cases as well as
the noise source locations within the rotor disk. In a
second step, measurements with the microphone tra-
verse were taken for specific test cases which were
selected based on the results from the array system.
In addition, online results of the blade pressure mea-
surements were used to verify the validity of the array
results for the determination of the specific test point
parameters.

2.5. Power corrections

Due to the dynamic behaviour of the wind tunnel
model slight changes of thrust, propulsive force and
hub moments occured and their effects on the mea-
sured, effective rotor power Peff had to be corrected
during post-processing, as outlined in [13]. During
the wind tunnel test with a five-bladed rotor system,
additional trim measurements were obtained to de-
termine the effect of hub moment changes (MX 6= 0,
MY 6= 0) on the effective rotor power Peff . As a re-
sult, a correction based on changes in hub moments
was added:

(1) ∆PM = cx ·MX + cy ·MY

The coefficients cx and cy were determined from ad-
ditional trim measurements by applying the method of
least squares:

(2)

cx = −
∑

M2
Y ·

∑
MX∆P +

∑
MX MY ·

∑
MY ∆P∑

M2
X
·
∑

M2
Y

cy = −
∑

M2
X ·

∑
MY ∆P +

∑
MX MY ·

∑
MX∆P∑

M2
X
·
∑

M2
Y

However, compared to the power corrections due to
changes in thrust and propulsive force, ∆PM was
found to be negligible. As a result, measurements
from FTK-META remain comparable to those ob-
tained with the 5-bladed rotor system.

3. Results

3.1. Rotor performance

Several HHC inputs were tested for rotor performance
enhancement, with 2/rev being the most effective ap-
proach. Fig. 8 shows the change in effective rotor
power Peff over the 2/rev phase input in high-speed
flight condition (µ = 0.345) or different values of Θ2.
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Figure 7: Change of Peff during 2/rev phase sweep

With 2/rev HHC, the maximum reduction in effective
rotor power of ∆Peff = −5.6% was measured for an
amplitude of Θ2 = 1.0° at a phase setting of ϕ2 =
240°. Both curves covering the phase sweeps for the
respective amplitudes are near sinusoidal. The opti-
mum phase angle corresponds well with results from
the FTK-META-WK test, where the maximum power
reductions using 2/rev HHC were found for phase an-
gles of 184° ≤ ϕ2 ≤ 244° [13, 14]. The increase
of the measured power reduction with Θ2 suggests
that even higher power savings can be reached with
higher 2/rev amplitudes.

The effects of 3/rev HHC on effective rotor power are
shown in Fig. 8 for two different amplitudes. Here, the
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Figure 8: Change of Peff during 3/rev phase sweep

effective rotor power was reduced by a maximum of
∆Peff = −2.8% at zero phase angle (ϕ3 = 0) and



an amplitude of Θ3 = 0.5°. While a higher 3/rev am-
plitude seems to lead to a higher power increase for
90° ≤ ϕ3 ≤ 210°, this is not the case for power re-
ductions where a saturation seems to be reached at
Θ3 = 0.5°.

3.2. Vibration reduction

3.2.1. Single frequency phase sweeps

To assess the vibration level of the model a vibra-
tion intrusion index V I5 was defined in accordance
with [21, 22] as a weighted combination of 5/rev hub
forces and moments using the virtual weight W0 of
the scaled model and rotor radius R to obtain non-
dimensional values.

(3)

V I5 = 1
W0

√
(0.5 · FX,5)2 + (0.67 · FY,5)2 + F 2

Z,5+
1

R·W0

√
M2

X,5 +M2
Y,5

Fig. 9 shows the averaged baseline case vibration in-
dex of the five bladed SKAT rotor over the test condi-
tions. The rotor exhibits vibrations which almost lin-
early increase with the flight speed. At high speed
flight (76 m/s, µ = 0.345) the vibration level is about
three times higher than in descent flight at 33 m/s
(µ = 0.15).
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Figure 9: Vibration intrusion index V I5 at different
flight conditions.

3/rev to 6/rev blade pitch inputs with different control
amplitudes and phases were tested to analyse the vi-
bration characteristics of the five bladed rotor. For
reasons of consistency and comparability of results,
the HHC amplitudes for 3/rev and 4/rev HHC were as
close as possible to the amplitudes used during the
FTK-test [13].

However, the amplitudes for 4/rev to 6/rev HHC (see
table 2) proved too high to achieve reductions of the
vibration intrusion index V I5, which was increased at
all flight speeds and phase settings for these HHC
frequencies. The main reason for this behaviour lies

within the kinematics of the multiple swashplate sys-
tem. Since 4–6/rev HHC in the rotating frame is real-
ized by (collective and cyclic) 5/rev swashplate move-
ments, the META’s hydraulic actuators mounted on
the baseplate directly affect the 5/rev forces and mo-
ments measured by the rotor balance and offset the
value for the intrusion index V I5 considerably.

In contrast, 3/rev HHC inputs on the 5-bladed rotor
system are realized with multicyclic movements of the
two swashplates with frequencies between 2/rev and
4/rev. Without the 5/rev actuation forces acting on the
rotor balance, 3/rev HHC led to suitable vibration re-
ductions. In the high speed case at µ = 0.345, the
vibration level was decreased by 60% with an ampli-
tude of Θ3 = 0.8° and a phase angle of ϕ3 = 0°, see
Fig. 10.
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Figure 10: Effect of 3/rev HHC on V I5 at high speed
flight (µ = 0.345).

The highest reduction in effective rotor power had
been measured for the same control settings (see
Fig. 8), showing the potential of 3/rev HHC for simul-
taneous performance enhancement and vibration re-
duction on a 5-bladed rotor system.

In order to make a qualitative assessment of changes
in vibration levels possible without the influence of
5/rev actuator forces, a new index was defined us-
ing the 4/rev to 6/rev out-of-plane and in-plane blade
bending moments from Nb = 5 blades, see Eq. (4).

(4)
IBM,5 = Nb

√
M2

f,5 +
Nb

2

√
M2

f,4 +M2
f,6 + Nb

2

√
M2

l,4 +M2
l,6

The corresponding forces in the rotating frame are
transformed into 5/rev loads in the non-rotating frame
and thus can be used as an indicator for changes
in 5/rev vibration levels. For the 3/rev phase sweep,



the curves for IBM,5 qualitatively match the curves for
the vibration intrusion index V I5 and the maximum
reduction in both cases occurs for an amplitude of
Θ3 = 0.8° at a phase setting of ϕ3 = 0°, see Fig. 10
and Fig. 11.
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Figure 11: Effect of 3/rev HHC on IBM,5 at high speed
flight (µ = 0.345).

Fig. 12 shows the development of IBM,5 for the 4-
6/rev phase sweeps with different amplitudes. With
3/rev control the maximum reduction of IBM,5 was
measured around 5% and corresponded to a reduc-
tion of the vibration intrusion index of ∆V I5 ≈ 60%.
Here, reductions of up to ∆IBM,5 ≈ 12% were
reached using a 4/rev input with an amplitude of Θ4 =
0.4° at a phase setting of ϕ4 = 360°. Additionally, the
maximum reduction of IBM,5 occured for phase set-
tings between ϕn = 300° and ϕn = 360° for all control
frequencies from 4/rev to 6/rev.
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Figure 12: Effect of 4-6/rev HHC on IBM,5 at high
speed flight (µ = 0.345).

Therefore, when compared to the results of the 3/rev
phase sweep, a much higher reduction or even a
near complete elimination of 5/rev vibratory hub loads
(without taking actuator loads into account) is deemed
possible by using single- or multiharmonic control in-
puts with frequencies of 4-6/rev.

3.2.2. Multi-harmonic vibration control

During the project FTK-META-WK, a vibration control
algorithm had been integrated into the META control
software [15]. This control algorithm combines the
well-known T-matrix contol approach [23] with meth-
ods for optimizing control solutions while still adher-
ing to user-set limits (e.g. limits of the used actuation
system) [24]. Following the integration process and
first tests of the controller on a 4-bladed model rotor
in hover conditions, the algorithm was modified for 5-
bladed operation, targeting 5/rev hub vibrations using
multicyclic 4–6/rev HHC inputs.

The test of this vibration controller in the wind tunnel
demonstrated its effectiveness for all test conditions.
Depending on the test condition, the controller was
able to reduce the vibration intrusion index by up to
83% (high-speed flight), see Fig. 13. Due to the 5/rev
actuator forces acting on the rotor balance during 4–
6/rev HHC operation, the optimum HHC amplitudes
determined by the control algorithm were low com-
pared to the earlier open-loop tests, see table 4.
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Figure 13: Vibration controller results using 4/rev–
6/rev HHC at all tested flight conditions.

Table 4: Vibration controller results

condition descent cruise high-speed
33 m/s 66 m/s 76 m/s

4/rev Θ4 0.02° 0.0° 0.02°
5/rev Θ5 0.0° 0.05° 0.05°
6/rev Θ6 0.04° 0.05° 0.07°
∆V I5 7% 81% 83%

Fig. 14 shows the 5/rev magnitudes of the hub forces
and moments for the baseline case as well as two



subsequent controller inputs at 76 m/s (µ = 0.345).
The first contoller solution (’step 1’) reduced mainly
the vertical and lateral 5/rev forces (FZ,5 and FY,5)
while the 5/rev roll moment (MX,5) remained nearly
unchanged. In a second step, further significant load
reductions compared to the first control solution were
reached in all axes, and the previously unaffected roll
moment MX,5 was reduced to 56% of its baseline
value. The highest single reduction was achieved for
the vertical 5/rev force FZ,5 with nearly 93%.
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Figure 14: Changes in 5/rev hub loads during vibra-
tion controller operation

While the results presented here prove the effective-
ness of the control algorithm used, it must be noted
that due to the mechanical setup of the META system,
a significant portion of the achieved 5/rev vibration
reduction was reached due to 5/rev actuator forces
counteracting the 5/rev baseline vibrations rather than
aerodynamic effects in the rotating frame.

3.3. Noise investigations

3.3.1. Finding the maximum BVI condition

In a first step, the maximum BVI condition in simulated
descent flight at 33 m/s was determined by varying
the rotor shaft angle αS and analyzing measurements
taken by the microphone array system. Fig. 15 shows
the narrow band spectra of the relative sound pres-
sure level (SPL.rel) measured within the rotor plane
during the αS-variation.

As can be seen in Fig. 15, the highest noise level was
recorded for a rotor shaft angle of αS = 7° with the
highest overall peak near 630 Hz. The maximum BVI
case was also confirmed by the analysis of leading
edge pressure distributions which was performed in
parallel to the microphone array analysis. For this
purpose the high frequency content ≥10/rev was an-
alyzed for radial sections of 54, 70, 80 and 98% radius
within the regions of interest, i.e., the azimuth ranges
on advancing side (30° ≤ ψ ≤ 90°) and on the retreat-
ing side (270° ≤ ψ ≤ 330°).

Figure 15: Narrow-band spectra of SPL.rel measured
in the rotor plane

Instead of time histories, time derivatives may provide
a clearer impression of the BVI-intensity, because the
derivative is the physical source of noise radiation.
Examples are given in Fig. 16 (adv. side) and Fig. 17
(ret. side) for the identification of the maximum noise
case at 33 m/s wind speed for the range of shaft an-
gle 5° ≤ αS ≤ 9°. Those BVI that are most parallel
to the blade leading edge are located within the grey
shaded area. Large pressure gradients (positive and
negative) over a large radial extension (especially at
the blade tip where the highest Mach numbers occur)
and within the grey shaded areas (representing the
blade parallel BVI zones) can be seen as an indicator
for strong BVI noise. The strongest events on both
the advancing and retreating side can be found at 7°
shaft angle of attack.

For the same cases the qualitative contours of BVI lo-
cations and their intensity are shown in Fig. 18. The
5° shaft angle (top graph) shows advancing side BVI
more upstream (to the left) and the 9° (lower graph)
more downstream (to the right) than at 7° (middle
graph). The same is found on the retreating side. It
is obvious that the shaft angle setting of αS = 7° is
the one with highest BVI intensity and thus the max-
imum noise radiation condition, which confirms the
analysis of microphone array measurements shown
before in Fig. 15. Therefore, this case was selected
as the baseline (BL) case for all active control param-
eter variations.
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Figure 16: Time derivative of pressure signals during
sweep of angle of attack, h.p. filtered at
10/rev, advancing side, 33 m/s.
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Figure 17: Time derivative of pressure signals during
sweep of angle of attack, h.p. filtered at
10/rev, retreating side, 33 m/s.
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Figure 18: BVI in pressure signals during sweep of
angle of attack, h.p. filtered at 10/rev,
33 m/s.

3.3.2. Noise reduction through HHC and LPC

Once the BL case was defined, HHC phase sweeps
at 2 to 6/rev were performed with three different am-
plitudes. In addition, LPC (single ’dip’ with 45° slopes)
was also employed with a phase sweep, different am-
plitudes and different sign. The most promising noise
reductions were identified in the same manner as the
maximum BVI condition during the sweep of angle of
attack, but now the minimum BVI was searched for.
From all the variations, the following conditions were
found most promising for a minimum BVI noise radi-
ation: 2/rev HHC with an amplitude of Θ2 = 1° and
a phase setting of ϕ2 = 270° and also LPC with a
pitch increase of ∆ϑLP C = 0.75° at ϕdip = 140° rotor
azimuth.

For the analysis of array source plots, which show
the sources of BVI noise within the rotor plane, the
3rd octave band around 630 Hz was chosen, since
at this frequency the highest peak within the narrow-

band noise spectrum occurred in the baseline case
(see Fig. 15). Fig. 19 shows such array source plots
with a dynamic range of 20 dB for the baseline case
(33m/s, αS = 7°) as well as the minimum noise cases
for both 2/rev HHC and LPC.

Figure 19: Array source plots for baseline (BL) and
minimum noise (MN) cases

Clearly both 2/rev HHC and single dip LPC exhibit
significant reductions in this frequency band within
the rotor plane – on the advancing side, the inten-
sity is greatly reduced and on the retreating side of
the rotor disk the noise source is almost eliminated in
both cases. When the respective narrow-band spec-
tra are compared, the differences between minimum
noise 2/rev HHC and LPC become more clear. Fig. 20
shows a comparison between the baseline case and
minimum noise 2/rev HHC, as well as between both
minimum noise cases.

As can be seen in Fig. 20 (top), minimum noise 2/rev
HHC significantly reduces noise levels for frequen-
cies ≥ 630 Hz but increases noise for lower frequen-
cies. Compared to the noise levels obtained with the
2/rev HHC input, the minimum noise LPC exhibits
lower noise levels over the whole frequency range,
see Fig. 20 (bottom).

To maintain comparability of results from the HART
and HART II tests [5, 6, 25], the range between the
6th and 40th blade passage frequency (Nb ·Ωref ) was
chosen for the evaluation of BVI noise levels via noise
carpet plots. On a five-bladed rotor system with a
nominal rotor speed of Ωref = 110 rad/s = 17.5 Hz,
this covers a range from 525 Hz to 3500 Hz.

For the baseline case and both minimum noise cases
such carpet plots were compiled covering an area
of 6x6 m centered around the rotor hub using data



Figure 20: Narrow-band spectra for the baseline case
and both MN cases in comparison.

from the microphone traverse measurements. Fig. 21
shows all three cases in comparison.

In both minimum noise cases, a significant reduction
of the measured noise level is visible, especially on
the advancing side of the rotor, where the highest
noise levels appeared for the baseline case. For 2/rev
HHC (bottom left plot), the peak value on the advanc-
ing side of the rotor disk is reduced by 1.5 dB and the
area of high-noise emissions is reduced considerably.
However, in the fourth quadrant on the retreating side
of the rotor disk, noise levels were increased consid-
erably by 2/rev control.

In comparison, the minimum noise LPC input yielded
an even higher reduction of BVI noise on the advanc-
ing side of the rotor disk (peak value reduced by 3 dB)
as well as a slight decrease on the retreating side
(fourth quadrant) relative to the baseline. These LPC-
results also correspond fairly well with findings from
Malovrh et al. [16], where similar inputs in the sec-
ond quadrant of the rotor disc were found to be highly
effective in reducing advancing side BVI noise.

It must be noted that due to the asymmetric distribu-

Figure 21: Carpet plots for the baseline case (top),
minimum noise 2/rev HHC (bottom left)
and minimum noise LPC (bottom right)

tion of rotor blades among the two swashplates and
the resulting multi-harmonic actuator control frequen-
cies (see ’Model rotor and META’ section) the control
authority for 2/rev (and 3/rev) inputs was severely lim-
ited compared to the previous test of the META sys-
tem on a four-bladed rotor [13]. Therefore it cannot
be ruled out that with higher 2/rev control authority
(Θ2 > 1.0°) further reduction of BVI noise could be
achieved on the five-bladed rotor.

3.3.3. Pressure measurements for minimum
noise HHC and LPC

The physical phenomena leading to a reduction of
BVI-noise through 2/rev control and LPC can be un-
derstood by a closer look at the blade loading and the
high-frequency pressure changes as a result of the
blade-vortex interactions. Both control schemes al-
ter the low frequency content of blade aerodynamic
loading both radially and azimuthally, and with it the
intensity of trailed tip vortex strength. In addition, the
distribution of induced velocities within the rotor disk
will be modified accordingly, which in return strongly
affects the tip vortex trajectory when travelling across
the rotor disk. The third physical consequence is a
modified blade dynamic response due to the change
of airloads mainly in flap and torsion. All together re-
sult in a different blade-vortex separation distance at
azimuth locations critical for noise radiation. The re-
sulting noise intensity can be amplified or reduced,
depending on the HHC or LPC parameters, and those



parameters for a minimum of BVI noise radiation were
identified.

In the low frequency (0-9/rev) pressure time histories
corresponding to the baseline case and the two min-
imum noise cases, shown in Fig. 22, it can be seen
that the 2/rev control (middle) causes an increase of
loading at ψ = 135° and at 315°, where the blade pitch
has the maximum 2/rev upwards deflection, as well as
a reduction of loading at ψ = 45° and 225°, where it is
minimum.
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Figure 22: Low frequency pressure signals for BL
and MN cases, 0-9/rev, advancing side,
33 m/s, αS = 7°.

LPC acts only within a limited range of azimuth, but
the blade dynamic response to that excitation extends
for a longer range of the rotor revolution (until post-
pulse oscillations die out). In Fig. 22 (bottom) the
loading exhibits an extra hump relative to the base-
line case at the azimuthal position of ψ = 140°, and
the torsion response following that persists almost un-

til the end of the revolution. The thin lines around the
thicker ones indicate the range of standard deviation
of local unfiltered pressure data, computed from 32
successive revolutions measured. The time deriva-
tives for the most BVI-relevant azimuthal regions in
comparison to the BL cases are given in Fig. 23 and
Fig. 24.
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Figure 23: Time derivative of pressure signals for BL
and MN cases, h.p. filtered at 10/rev, ad-
vancing side, 33 m/s, αS = 7°.

The 2/rev control reduces the BVI intensity on
both the advancing and the retreating side, see
Fig. 23 (middle) and Fig. 24 (middle), each one com-
pared to the BL case (top). The physics behind are
an increased blade lift in the second quadrant of the
disk, which results in an increased downwash in that
region, causing the tip vortices to more quickly con-
vect downwards than in the BL case and to increase
the blade-vortex miss-distance in the first quadrant.
On the retreating side the opposite is happening:
the reduced blade lift in the third quadrant gener-
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Figure 24: Time derivative of pressure signals for BL
and MN cases, h.p. filtered at 10/rev, re-
treating side, 33 m/s, αS = 7°.

ates weaker vortices than in the BL case and less
induced inflow due to less lift, causing tip vortices to
a slower downwards convection and to interact with
rotor blades later in the fourth quadrant.

Any HHC input changes the blades’ pitch all around
the revolution, while LPC is affecting only a small az-
imuthal range without any control outside. Only elas-
tic blade response to it will persist for some succes-
sive fraction of the revolution. Therefore the major
effect on the advancing side of the disk is about the
same as for the 2/rev HHC with the same physics be-
hind, while the retreating side appears only marginal
affected relative to the BL case. LPC results are given
in the bottom plots of the respective figures, to be
compared to the BL case (top).

Fig. 25 shows the pressure fluctuations in a more
qualitative form with the contours in the rotor disk.

BL

MN, 2/rev

MN, LPC

Figure 25: BVI in pressure signals for BL and MN
cases, h.p. filtered at 10/rev, 33 m/s, αS =
7°.

The baseline case (upper graph) clearly shows sev-
eral strong BVI on the advancing side (40° ≤ ψ ≤
65°). On the retreating side one strong BVI appears
at the blade tip at ψ = 300°, plus several more in-
board BVI in the range 280 ≤ ψ ≤ 315°. A 2/rev min-
imum noise HHC (middle graph) shifts the advancing
side BVI to more upstream locations (60 ≤ ψ ≤ 80°)
outside the range of blade-parallel BVI, thus reducing
BVI noise. The strong BVI at the blade tip on the re-
treating side is almost eliminated, while the BVI inten-
sity more inboard of the blade appears increased rela-
tive to the baseline case. However, these are confined
to a small radial extension, and at these locations the
Mach numbers are smaller than at the tip. Finally, the
LPC for minimum noise (bottom graph) shows modifi-
cations of BVI on the advancing side similar to those
of the 2/rev HHC, but with less remaining BVI inten-
sity. The retreating side BVI of the LPC control ap-
pears similar to the baseline case, but the inboard
BVI appear to be shifted upstream to ψ = 285°, al-



most eliminating the BVI following it. The presented
analysis of blade pressure measurements thus con-
firms the results gathered from both microphone array
(source plots, Fig. 19) and traverse measurements
(Fig. 21).

3.4. Blade deformations

To localize the rotor hub center position and for mea-
suring model movements the circular hub fairing was
equipped with 11 SPR markers of 20 mm diameter
(Fig. 5). By using these hub markers it was possible
to determine the rotor hub center location as well as
the current azimuth position of the rotor for calculation
of the lead-lag motion of the rotor blades and to deter-
mine the model roll and pitch angle. Measurements
were done with azimuth increments of ∆ψ = 12°, re-
spectively 30 azimuth positions per revolution such
that the analysis allows to synthesize the lower har-
monics from 0-6/rev from the time history of the blade
motion with good confidence. On every azimuthal po-
sition 5 images were taken for averaging purposes
in order to get smooth data with reduced errors and
eliminated non-harmonic vibrations.

The calculation of the blade motion parameters for
flap and lead-lag was be done using the quarter chord
line of the rotor blade as described in [26] and [27].
The elastic blade lead-lag deflection yel is given by
the distance between the radial position of the quar-
ter chord line and a straight line defined by the cur-
rent azimuth position of the blade (lag positive). The
elastic blade flap deflection zel (positive up) is given
by the distance between the quarter chord line and a
straight line defined by the pre-cone angle of the ro-
tor head (βP C = 1.85°). The elastic pitch deformation
(θel, positive nose up) can be calculated by the dis-
tance between the z-coordinates of the front and rear
blade marker, the associated pitch control angle, the
pre-twist angle and the pitch offset in z-direction due
to the different distance of the front and rear blade
markers to the quarter chord line.

3.4.1. Validation of SPR pitch measurements

The blade root was equipped with two SPR markers
to measure the blade pitch angle at the innermost ra-
dius at r/R = 0.1 without blade torsion. Since the
potentiometer based sensors for blade pitch angle
measurement are mounted in the same location, a
direct comparison between the two sensor systems
/ approaches was made to test and validate the re-
sults computed from the SPR pitch measurements.
An example is given in Fig. 26 for the minimum noise
LPC control input in descent flight with an amplitude of
Θdip = 0.75° at an azimuthal location of ϕdip = 140°.

The collective and cyclic pitch control angles are sub-
tracted. The comparison shows a remarkable con-
gruence between the SPR results and the pitch angle
sensor(s). Both amplitude and phase angle match
very well confirming the high accuracy of the SPR
system.
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Figure 26: Comparison of measured pitch angle for
Dip1 (control angle subtracted)

3.4.2. Hover results

Since in the FTK-META and SKAT wind tunnel tests
the same blade loading and identical blades were
used, a comparison of a hover thrust sweep can be
made. Thrust sweeps were performed between 0N
and 7000 N in FTK-META and between −1500 N and
7700 N in SKAT. In Fig. 27 the elastic tip deflection in
lag (averaged over all rotor blades) is given for both
rotors. For CT /σ < 0.05 the blade tips are in a lead
position (partly due to a built-in pre-lead angle), above
CT /σ = 0.05 the blades are in lag position.
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Figure 27: Comparison of elastic blade tip lag dis-
placement



The comparison of the elastic blade tip deflection in
flap direction is shown in Fig. 28. The gradient of both
curves is very similar but an offset of about 12 mm
can be found for the SKAT test compared to the flap
displacement measured during the FTK-test. This off-
set results from the different pre-cone angles of both
rotor heads (βpc,F T K = 2.5°, βpc,SKAT = 1.85°).
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Figure 28: Comparison of elastic flap displacement at
the blade tip

3.4.3. HHC results

During the SKAT test HHC inputs with frequencies
from 2/rev to 6/rev were executed. The results of n/rev
SPR measurements for the descent flight condition
(µ = 0.15) are presented in Fig. 29.
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Figure 29: n/rev pitch amplitudes versus blade radius

The changes in n/rev amplitude are plotted oder the
blade radius relative to the amplitude of the control in-
put at the blade root. In all n/rev cases the control in-
put amplitude is amplified with increasing blade radius

up to the tip ranging from 125% for 2/rev input up to
450% for 5/rev HHC. Since the first torsion frequency
of the FTK blades is about 4.7/rev, the maximum am-
plitude amplification can be found for 4/rev and 5/rev
control. The maximum phase delay was found for the
6/rev input at ∆ϕ6 ≈ 135°, as shown in Fig. 30 for all
n/rev HHC inputs.
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Figure 30: n/rev pitch phases versus blade radius

4. Conclusions

Following earlier wind tunnel tests with 4 rotor blades
[13] and as part of a joint research project with Air-
bus Helicopters Germany, the DLR’s Multiple Swash-
plate System was modified for 5-bladed IBC opera-
tion and tested in the Large Low-Speed Facility of the
DNW. During those tests, several different IBC strate-
gies were employed to increase rotor performance
and to reduce vibration levels and noise emissions.
The main conclusions of the test are:

• Using 2/rev HHC with an amplitude of Θ2 = 1.0°
the required rotor power in high-speed flight con-
dition (µ = 0.345) was reduced by a maximum of
5.6% compared to the baseline case. The op-
timum 2/rev phase of ϕ2 = 240° corresponds
well with results from earlier 4-bladed wind tun-
nel tests.

• In high-speed flight (µ = 0.345) 3/rev control
yielded a maximum power reduction of ∆Peff =
−2.8% with an amplitude of Θ3 = 0.8° and an
optimum phase setting of ϕ3 = 0°.

• The optimum 3/rev HHC settings for performance
enhancement in high-speed flight also yielded
the lowest 5/rev vibration instrusion index V I5,
which was reduced to 40% of its baseline value.
Thus, 3/rev HHC shows potential to reduce both
required rotor power and vibration simultaneu-
ously on a 5-bladed, hingeless rotor system.



• Due to the actuators of the META system ex-
certing 5/rev forces on the rotor balance during
4-6/rev IBC operation, similar reductions of vi-
brational hub loads could not be measured for
these control frequencies. However, the analy-
sis of blade bending moments indicates that sig-
nificant vibration reductions can be achieved with
4-6/rev IBC on a five-bladed rotor.

• A T-matrix based vibration controller was adapted
for operation on a five-bladed rotor system and
its effectiveness successfully demonstrated in
the wind tunnel. However, the reduction of the
weighted vibration intrusion index V I5 by 83% in
high speed flight (µ = 0.345), was mostly a result
of 5/rev actuator forces counteracting the 5/rev
vibrational loads measured by the rotor balance.

• The maximum BVI-case in descent flight (µ =
0.15) was found for a shaft angle of αS = 7° us-
ing measurements from the DNW’s microphone
array and confirmed by on-blade pressure mea-
surements. This shaft angle setting was used as
baseline case for further noise investigations.

• Both 2/rev HHC and LPC were effectively used
to reduce BVI-noise levels in simulated descent
flight at 33 m/s (µ = 0.15).

• In the frequency range of 6-40th BPF, which was
used to ensure comparability with the earlier
HART and HART II tests, single-’dip’ LPC yielded
significantly higher noise reductions than 2/rev
HHC. High-noise areas were reduced consider-
ably in both size and magnitude, with a reduction
in peak SPL of 3.0 dB.

• Pressure measurements both confirmed the
results from the acoustic measurements and
served to identify changes in tip-vortex strength
and vortex trajectories as the physical phaenom-
ena resulting in BVI-noise reductions.

• Using the proven and enhanced SPR system of
DNW-LLF, the blade motion of all five rotor blades
as well as the model pitch and roll angles were
analyzed. A comparison of the SPR results with
the conventionally measured blade pitch angles
shows very good congruence.
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