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This paper focuses on numerical investigations of the effects of non-harmonic Individual Blade Control (IBC)
or Localized Pitch Control (LPC). Different non-harmonic control schemes for the blade-root pitch are
presented, optimized for performance enhancement as well as simultaneous vibration reduction and
compared to a conventional approach using 2/rev Higher Harmonic Control (HHC). The calculations were
performed using the DLR’s comprehensive rotor code S4, simulating two different isolated model rotors at an
advance ratio of u=0.32 with a modified Beddoes inflow model and including rotor-fuselage interaction. In
simulations with Bo-105 model rotor blades, LPC was found to perform superior to conventional 2/rev HHC,
with reductions in required power of up to -3.62% (-2.26% in power and -57.3% in vibration levels during
multi-objective optimization). However, when applied to a more modern rotor blade the margins for power
savings as well as vibration reduction were found to be significantly lower.

NOTATION 1. INTRODUCTION

BVI Blade Vortex Interaction

While in many ways more versatile than most fixed
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HHC  Higher Harmonic Control
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These problems can be attributed to the highly
asymmetric flow field encountered by the rotor
blades during forward flight, leading to a non-
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control for rotor performance enhancement goes
back to the 1950s [3] and 60s [4] and was mostly
focused on the application of HHC-signals which
solely comprise of a linear combination of the integer
multiples of the rotor frequency (n/rev).

Numerous successful studies have been performed
aimed at performance enhancement by HHC and
later IBC, including numerical investigations, [5]—[7]
experimental investigations [8] as well as wind
tunnel experiments [9]-[14] and flight tests [15]-[20].
Concerned mainly with harmonic control functions,
those studies found the second rotor harmonic,
2/rev, the most advantageous control function for
power reductions.

For example, full-scale Wind tunnel tests carried out
by Eurocopter Deutschland (ECD) and with a
modified, IBC-capable Bo-105 rotor [12], [13]
yielded power reductions of 7% at an advance ratio
of u=0.4 with a 2/rev amplitude of 1°. Later, flight
tests with an IBC-capable CH-53 helicopter
performed by ZFL and the WTD61 of the German
Bundeswehr vyielded a power reduction of
approximately 6% with a 2/rev amplitude of only
0.67°. [18]-[20].

In most studies, the reduction of profile drag at the
advancing side of the rotor disk and the
redistribution of instationary airloads were identified
as the main contributors to the performance
enhancements achieved with 2/rev HHC, while stall
reduction on the retreating side played only a minor
role.

However, the 2/rev HHC control inputs not always
had exclusively positive influence on the rotors
aerodynamics. It was found that in spite of the
overall performance enhancement achieved, 2/rev
HHC could be responsible for increased profile drag
in certain azimuthal sections [6], [12] and also in
some cases promoted the onset of stall on the
retreating side of the rotor disk [6], [8], [21]. These
side effects suggest that 2/rev HHC might not be the
optimal control function for rotor performance
enhancement and that a more tailored function,
which addresses the problems more locally might be
of advantage.

A study performed by Yeo [22] concerning the
potential of different active control methods for
power reductions showed that discrete, non-
harmonic control schemes can be highly beneficial
when used in combination with active gurney flaps.

Work by Malovrh and Gandhi [23] also shows the
great potential of non-harmonic discrete active
control for BVI-noise reduction. Recent work by
Kody et al. [24] covers the numerical optimization of
a non-harmonic control function for single and
double trailing edge flaps, yielding power reductions
of approximately 10% using a uniform inflow model.
Besides power reductions, vibrations were also
taken into account, and simultaneous reductions in
power and vibrations levels were achieved.

In contrast to work regarding the non-harmonic
control of trailing edge flaps (TEF), microflaps or
gurney flaps, this paper is concerned with non-
harmonic control inputs introduced at the blade root
by a classic HHC/IBC system.

Different forms of non-harmonic, Localized Pitch
Control (LPC) are presented and evaluated
numerically regarding their potential for reducing
rotor power during medium to high-speed forward
flight. The aerodynamic effects leading to the power
reductions are analyzed and discussed, as well as
the effects of LPC on vibration levels at the rotor hub
in the non-rotating frame (fuselage).

Two different model rotor blades were used in the
study (see 2.2), allowing for an examination of the
influence of rotor blade design on the potential for
power reductions by LPC. Additionally, the results of
optimizations of the different LPC control functions
and conventional 2/rev HHC performed with the
objective to either reduce rotor power or rotor power
and vibrations simultaneously are presented in this
paper.

2. NUMERICAL TOOLS
2.1. The DLR’s Rotor Simulation Code S4

DLR's high resolution 4th generation rotor simulation
code (S4) has its origins in the mid-'70s with rigid
flapping, constant downwash, and steady table look-
up of aerodynamic coefficients. Today, S4 is used
for analysis of any kind of active rotor control with
respect to performance, dynamics, and noise [25]
and for support of wind tunnel testing.

2.1.1. Structural Mechanics

The structural dynamics modeling consists of two
parts. First, a finite element method (FEM) [26]
based on the Houbold-Brooks formulation [27] acts
as off-line pre-processor and performs the modal
analysis, i.e., it computes the coupled mode shapes
and natural frequencies in vacuo. In a second step,



the rotor simulation itself solves the dynamic
response problem of these modes (which are
reduced to their major component) subjected to the
aerodynamic loading in the form of a modal
synthesis.

2.1.2. Section Aerodynamics

For two-dimensional unsteady compressible section
airloads, a semi-empirical analytic formulation of the

airfoil coefficients C M?, C_.M?, and CM’ is used

within  S4. The respective unsteady transfer
functions of step inputs are applied (Wagner function
for the airfoil motion [28] and Kussner function for
the gust [29], both with compressibility corrections),
and the effective angle of attack is computed using
the Duhamel integral formulation [30]. Validations of
the model for dynamic stall were performed in [31]-
[33].

The tip loss of lift is accounted for in the outer 5% of
the blade by modifying the induced velocities
progressively towards the tip such that the zero lift
angle of attack is obtained there. Also, fuselage
interference flow is computed at the blade sections
by an analytical formulation derived from potential
theory calculations [34]. Within this study, the HART
Il fuselage was taken into account which recently
was modeled and included in S4 [35], based on
Navier-Stokes data.

2.1.3. Rotor Wake

To address the modifications of induced velocities
due to active rotor control (like HHC and LPC) a
modified form of Beddoes' prescribed wake
geometry formulation [36] was utilized instead of the
simpler Mangler/Squire model [37]..

Furthermore, the interference of the HART I
fuselage with the wake geometry is taken into
account [38] and was also used for all calculations
using the Beddoes wake model presented in this

paper.
2.1.4. Trim Computation

The rotor trim is performed to match the
experimental hub forces (F,, F, and F, in wind tunnel
coordinates) by means of time integration based on
a 4™order Runge-Kutta scheme with azimuthal
increments of 2° (intermediate step at every 1°). The
wake geometry is updated once a trim cycle with
associated blade motion and airloads is finished and
the influence coefficients of the new wake geometry
are updated before the next trim cycle starts. During

the trim, the induced velocities of the far wake are
updated every few revolutions to account for the
variations of changing airloads and modified vortex
strengths.

2.2. Blade Models

In the framework of the nationally funded research
project FTK (“Fortschrittiche Taumelscheiben-
Konzepte, Advanced Swashplate Concepts) in
cooperation with airbus helicopters, rotor tests will
be conducted at the DLR’s own test facility as well
as in the Large Low-Speed Facility (LLF) wind tunnel
of the DNW.

During those tests a proven set of rectangular model
rotor blades as well as a set of new model rotor
blades with modern geometry and profiles will be
used for the purpose of comparison. Due to this, the
S4 calculations presented here also were performed
for these two different sets of rotor blades.

The first set of Mach-scaled rotor blades is
geometrically and dynamically realized as close as
possible to the original rectangular Bo-105 rotor
blades with a scale of 1:2.45. Due to Reynolds
number effects, the blade chord is 10% larger than
geometrically scaled. The basic rotor blade data is
given in Table 1.

Table 1: Basic data of the Mach-scaled Bo-105 model
rotor blades used in HART Il campaign [39]

Rotor radius R 2m

Blade chord ¢ 0.121m

Twist By (outboard r/R=0.22) -6.24° (linear)
Airfoil NACA23012
Rotor system hingeless

Rotational speed Q¢ 109 rad/sec

flapping mode frequency [*]
st

1 1.125
2" 2.839
3 5171
4" 8.050
5 11.520
lead-lag mode frequency [*]
1% 0.782
2" 4,592
3 11.584
torsion mode frequency [*]
1° 3.818
2" 10.097

[*] normalized to 100% rotational speed, coupled calculation




The second and new set of modern model rotor
blades draws on the blade geometry and profiles of
the EC145-C2 and the ATR rotor [40]. According to
the project name this blade is called FTK-blade.
Compared to the rectangular model blades of the
Bo-105 the planform of the FTK-blade has inboard
tapering and features a back-swept parabolic tip
(see Figure 2-1). Due to the planned wind tunnel
tests on the same rotor test bed the scale of the
FTK-blades is 1:2.75, with a 5% larger blade chord
than geometrical scaled. In Table 2 the main data of
the FTK-blades are summarized.

Table 2: Basic data of the Mach-scaled FTK-blades

Rotor radius R 2m
Equivalent blade chord Cequiy 0.124m
Twist -12°/R
Airfoil OA series

Rotor system hingeless

Rotational speed Q¢ 110.4 rad/sec

Figure 2-1 shows the planforms of both used model
rotor blades in comparison.

Figure 2-1: Planforms of Bo-105 (top) and FTK

(bottom) model rotor blades
Even though the FTK model blade is derived from
an EC145-C2 rotor blade (which has a different
reference rotational speed than the Bo-105 rotor
blade), all calculations were done using the
rotational speed of the Bo-105 model rotor in order
to keep the tip speed constant and thus make the
results for the different model blades more
comparable.

In the computations shown in this paper, five flap
modes, three lag modes, and two torsion modes
have been retained for the Bo-105 model blade, and
five flap modes, three lag modes and the first torsion
mode for the alternative FTK model blade. Since the
FTK model blade exhibits a much higher overall
torsional stiffness than the Bo-105 model blade, a
higher torsional mode was not considered, since its
deflection was too small to contribute to the results.

Unless otherwise noted, the results presented were
obtained using the Bo-105 model blade, the results
obtained with the FTK model blade are summarized
in 4.4 separately.

3. FORMULATION OF LPC FUNCTIONS

Two different LPC control schemes were formulated
for the study, which manipulate the blade pitch in
one and two sections of the rotor disk, respectively.

3.1. Single dip

The basic form of those so called “dips” is
dependent on four parameters indicating the
magnitude Ag;, and azimutal position @4, of the
localized pitch variation, the width of the cosine-
slopes leading into and out of the affected sector (®,
and @,) and the azimuthal width &, of an optional
plateau in the course of the LPC-function.

To avoid discontinuities in the LPC-function, the
widths of the slopes (®; and ®,) were set to a
minimum value of 5°.
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Figure 3-1: Basic form of LPC control function

For the calculation of the control function, which is
superimposed on the primary controls for each rotor
blade, those parameters are converted into four
azimuthal positions, ¥, , ., see Figure 3-1.

For each blade i, the pitch variation due to LPC is
computed as follows:

1 2wy,
AY; = =5 Aap (1 - cos ( 20, ))

(1)
for¥, <y; <Y,

A‘l?i = _Adip

(2)
for¥, <y, <Y,



2n(y; - ‘Pb))

1
Aﬂi = _Adip (1 - COS( 2(1)2

(3) 2
fOT' lpb < l/Ji < lpz

3.2. Two separate dips

The second LPC-function consists of two
independent dips (formulated as described above),
which can be separately configured and positioned
around the rotor azimuth.

Figure 3-2 shows examples of each LPC-function
used for the calculations presented in this paper.
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Figure 3-2: Examples of the two different LPC-

functions

4. NUMERICAL INVESTIGATIONS
4.1. Simulation setup

Since the DLR’s rotor code S4 was used to simulate
an isolated model rotor (instead of a complete
helicopter) under wind tunnel conditions the
necessary trim conditions (forces and moments at
the rotor hub) had to be identified beforehand.

This was achieved by the evaluation of simulation
results obtained from the “Helicopter Overall
Simulation Tool” (HOST) [41]. For the baseline case,

a full-scale Bo-105 helicopter was simulated in level
flight with a flight speed of 250km/h (u = 0.32), a
mass of 2.5to and a C; /o of 0.0771.

The forces and moments at fuselage resulting from
the trim procedure in HOST were then Mach-scaled
in order to obtain the correct values for the
simulation using a scaled wind tunnel model of the
Bo-105 rotor system. Those values were
subsequently transformed from rotor coordinates to
wind tunnel coordinates using the Euler's-angles of
the fuselage from the HOST-simulation and the Bo-
105’s shaft angle of -3°.

In order to keep the lift and the propulsive force
constant during the calculations, the resulting hub
forces Fy, F, and F, were chosen as trim conditions
for all calculations.

4.2. Parameter variation study

For the first set of calculations the parameters of the
different LPC functions were varied systematically
over a predetermined range for both inflow models:

Table 3: Range of LPC parameters for parameter
variation study

LPC variant 1 (single dip)
Parameter | Min. Max. | Step
Agip -1° 1° N/A
Dyip 0° 345° | 15°
D, 10° 55° 15°
D, 10° 55° 15°
O 0° 15° 30°
LPC variant 2 (two separate dips)
Agip -1° 1° N/A
Dyip 0° 345° | 15°
D, 10° 55° 15°
D, 10° 55° 15°
O 0° 15° 30°

Since the first calculations using the Mangler/Squire
inflow model vyielded unrealistically high power
savings for LPC as well as for 2/rev HHC (>10% at
1° amplitude) it was decided to rely entirely on the
computationally more expensive but also much more
sophisticated Beddoes inflow model (see 2.1.3) for
further calculations.

In order to keep the computational effort to a
reasonable level while covering a wide range of
possible azimuthal positions and dip contours (due
to different slope angles), the amplitude settings



were limited to for 1° positive and negative pitch
variation, respectively.

While not yet utilizing the full potential of the LPC-
functions for performance enhancement and
vibration reduction, these initial calculations yielded
the first reference points for advantageous azimuthal
positions and forms of the two LPC-functions.
Furthermore, the ‘best-case’ parameter sets for each
case were later used as the initial parameter sets for
single- and multi-objective optimization (see 4.3).

For comparison to 2/rev HHC, additional calculations
were performed with an amplitude Ay, of up to 1°
and a phase @uyc, ranging from 0° to 345° in 15°
steps.

4.2.1. Basic effects of LPC on rotor performance
and vibration levels

The baseline case for the 250km/h case with Bo-105
type rotor blades shows a clear area of heightened
sectional torque contribution C,7M? at approximately
60 degrees azimuth (see Figure 4-1 and Figure 3-1),
as a result of high profile drag within the blade tip
area.
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Figure 4-1: Sectional torque contribution CdrMz for the
baseline Bo-105 case

A second, although much less pronounced area of

heightened profile drag can be found around 190

degrees azimuth. The baseline rotor power P for this

case was 93.82kW.

The best LPC solution for the reduction of required
rotor power found via parameter variation were two
separate dips, lowering the blade pitch between 15
and 45° azimuth and increasing pitch at 315°
azimuth, as depicted below, resulting in a reduction
of rotor power of 3.25kW or 3.46% compared to the
baseline case. The best cases for the single dip

solution and 2/rev HHC yielded power reductions of
2.88% and 3.50%, respectively.
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Figure 4-2: Best LPC function for power reduction
found during parameter variation
The resulting distribution of the sectional torque
contribution over the rotor disk clearly shows
reductions at the 60° and 180° azimuth locations
resulting from a change in the angle of attack (and
thus a change of C,;) within those regions.
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Figure 4-3: Sectional torque contribution for optimum
LPC (two separate dips)

While the change in the angle of attack at 60°
degrees is a result of the LPC function itself, the
change at the 180° position can be attributed to the
change in 1/rev primary control in order to maintain
rotor trim and the introduction of a 2/rev component
by the form of the applied LPC function. This can be
seen from the plot of the change of the effective
angle of attack at 96% radius, see Figure 4-4:
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Figure 4-4: Change in angle of attack at 96% radius

The application of the best LPC function found for
power reduction also resulted in an overall reduction
of vibration levels, taking into account the first,
second and third rotor harmonics (4/rev, 8/rev and
12/rev) of all six rotor hub forces and moments, see
Figure 4-5.
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Figure 4-5: Changes in vibratory loads due to LPC

On closer inspection however those reductions
mainly affected the 8/rev content of the vertical force
F, as well as the first harmonics of F, and My,
whereas the first harmonics of both Fy and My were
increased.

This shows that in an evaluation of the potential of
LPC function for rotor performance enhancement
the resulting changes vibratory loads cannot be
neglected and thus have to be considered for the
optimization procedures described in 4.3.

4.2.2. Effects of LPC on rotor trim conditions

Using the data obtained from the parameter
variation study, the influence of LPC on the rotor trim
was examined.

For every calculated HHC and LPC case the
resulting primary control inputs ©,, 0, and 05 from
the S4 trim procedure were compared to the trim
solution for the respective baseline case.

As an example, the trim deviations resulting from a
single dip with a width of 60 degrees (30 degrees for
each slope) and an amplitude of 1° are examined in
this paper.

In this case, the deviations in rotor trim did not
exceed 0.3° for the collective and 0.6° for the lateral
trim, and turned out to be slightly less than the trim
deviations for 2/rev HHC with the same amplitude
(max. 0.32° for collective and 0.68° for cyclic trim).

Influence of LPC on Lateral Control
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Figure 4-6: Influence of LPC single dip function on
cyclic trim
While the influence of the single dip LPC function on
collective control shows a fairly linear correlation
with the applied amplitude for all phase angles (or



azimuthal positions of the dip), the deviations in
longitudinal and lateral control show clear
maxima/minima at a phase angle of 60° and 190°
(see Figure 4-6). This corresponds fairly well to the
previously found locations of maximum sectional
torque contribution in the baseline case (see Figure
4-1).

This in turn means that if the LPC function is
formulated in a way to address those azimuthal
locations specifically, the resulting chances in cyclic
trim will be at or at least near their respective
maximum.

To be able to predict the chances in rotor trim for
each LPC function, an effort was made to
approximate the resulting changes of the primary
control inputs on the basis of the applied LPC
parameters.

For the approximation, the functions were converted
into their n/rev lateral and longitudinal components
(similar to the formulation of a HHC-signal) using the
azimuthal position of the dip(s) and the area
enclosed by the LPC-curve. The area Fy;, was used
instead of the dip amplitude to be able to account for
the width of the pitch variation.

Cdip,n = Fdip COS(nq)dip)
(4) Sdip,n = Fdip Sin(nq)dip)

forn=1-4

Those components were then used to approximate
the resulting changes in the primary control
coefficients 0,, 0, and ©g using a polynomial
approach:

4
) AQgcs = Z a,Cgipn + bpSgipn + C

n=1

This approach proved useful for predicting the
changes of the primary control coefficients resulting
from the application of LPC with an average error of
less than 0.05°.

Due to the nature of the trim procedure implemented
in the rotor code S4, this approach could not be
used to speed up the trim process for LPC
calculations, but might prove useful for future
applications of LPC, especially in wind tunnel tests,
where automatic trim corrections can lessen the

workload of the test operator and thus provide
additional safety.

4.3. Optimizations
4.3.1. Algorithms used in this study

For the optimization of LPC parameters, both the
differential evolution (DE) algorithm by Storn and
Price [42] as well as the MATLAB implementation
(fminsearch.m) of a simplex method [43] were used.

The DE-algorithm is an evolutionary algorithm
mimicking the natural evolution process of
population members (parameter sets) over several
generations.

The initial population consists of a number of
parameter sets which carry their respective
parameter values as “genes”. In case a parameter
variation study was performed for the corresponding
simulation case (same inflow, speed, rotor, etc.) the
previously found “best-case” parameter set
regarding the cost-function (see 4.3.3) was used for
producing the initial population by random
“mutations” of the respective parameters.

The initial population is evaluated by assigning a
value for the previously determined cost function to
each population member. These values are then
used to determine the most promising population
members to be carried on to the next generation.

This next generation of parameter sets is generated
by two basic mechanisms — the recombination of
“genes” (parameters) and random, spontaneous
mutation. The former ensures that advantageous
genes get carried on while the latter is introduced to
ensure the search of the whole parameter space as
well as to prevent the optimization algorithm from
converging to a local minimum.

Once a minimum has been found by the DE-
algorithm, the simplex optimizer takes over, an
searches in the vicinity of the previously found
“optimal” parameters for further local minima.

4.3.2. Implementation

The optimization algorithm was not directly
implemented within the rotor simulation, but was
implemented in MATLAB code and coupled with the
FORTRAN-based rotor code S4 via in- and output
files, as depicted in Figure 4-7.
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Figure 4-7: Schematic of the coupling between the
optimization algorithm and S4
In each computation step, the optimization algorithm
modifies the LPC parameters (by choosing the next
member of the current population) and updates a
template of the S4 input file (which contains all
conditions necessary for the trim calculation as well
as information about the chosen blade model, inflow
model, etc.) with the newly generated parameter set.

Within S4, those parameters are then used to
generate the according LPC function superimposed
on the primary controls. As soon as the rotor is fully
trimmed, S4 creates several output files, which are
used to calculate the cost-function previously
defined for the optimization. After evaluating the cost
function for all members of one population (and
dependent on the optimization goal and constraints)
a new, updated population of parameter sets is
created and the cycle is repeated with the new
generation.

After a predetermined number of function
evaluations (for both algorithms) the optimization is
terminated. To double-check the result, the found
optimal parameter set is used for a single S4
calculation outside the optimization cycle and
compared to the previously found optimum.

4.3.3. Single objective optimization

The single objective optimization was set to
minimize rotor power P [KW] at the rotor shaft for the
chosen simulation case using the different LPC-
functions, as well as 2/rev HHC.

The limits of the DE-algorithm were set to a
maximum of 25 “generations” of parameter sets,

each generation containing 10 members for each
parameter of the examined control function.

This lead to a maximum number of function
evaluations of 500 for 2/rev HHC (amplitude and
phase) as well as 1250 and 2500 for the two LPC
variants (5 and 10 parameters, respectively), with
each data point taking approximately 30-45 seconds
to compute. In each case, another 100 function
iterations were performed using the simplex
algorithm.

The following table summarizes the constraints of
the various HHC and LPC parameters used during
the optimization calculations:

Table 4: Parameter constraints for single and multiple-
objective optimizations

Parameter Min. | Max.
Adip 5o 5o
Dyip 0° 345°
(ON 10° 55°
o, 10° 55°
(oF% 0° 15°

The maximum power reduction was achieved using
the first LPC variant (single dip) with an amplitude of
1.86° lowering the pitch between 333° and 87°
azimuth, as shown in Figure 4-8.
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Figure 4-8: Optimum LPC-function (single dip) for
power reduction
Compared to the baseline (Figure 4-1) the sectional
torque contribution was significantly reduced in the
first quadrant of the rotor disc and also at the 180°
position, while being slightly increased around 105°
azimuth (see Figure 4-9)

Similar to the case discussed in 4.2.1 the reduction
in the first quadrant can be attributed to the dip itself,
while the reduction at the 180° position is a result of
the modified primary controls to ensure rotor trim.
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Figure 4-9: Reduction of sectional torque contribution
CdrM2 compared to the baseline case

Another consequence of the application of the single
dip LPC was a redistribution of lift over the rotor
disk, as can be seen in Figure 4-10:

Figure 4-10: Distribution of sectional lift contribution
CIM?, baseline case (left), single dip LPC (right)
Lift was redistributed from the most heavily loaded
sections of the rotor disk mainly to the beginning of
the second quadrant, where negative lift was
produced in the baseline case, leading to a more
uniform distribution over the rotor disk.

As a result, the application of single dip LPC yielded
a power reduction of 3.62% and increased the
effective lift to drag ratio of the rotor from 5.27
(baseline) to 5.6 (+6.26%), with

L/Dyf=5——
(6) / eff PRotor —F
vV X

As during the parameter variation studies, the
overall vibration levels were reduced (-26%), but
with the increase of 4/rev Fy and My still present,
see Figure 4-11.
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Figure 4-11: Changes in vibratory hub loads due to
optimum single dip LPC

The overall results of the

optimizations regarding power

summarized in the following table.

single-objective
reductions are

Table 5: results obtained by single objective-
optimization

Control AP AVibrations AL/Des

Function [%6] 2/4/8Irev [%0] [%]
LPC1 (single) | -3.62 -26.0 +6.34
LPC2 (double) -3.57 -19.4 +6.11
2/rev HHC -3.50 -23.5 +6.13

It should be noted that although 2/rev HHC
performed only slightly inferior to the two LPC
variants with regards to reduction of required rotor
power, it was the only control function where the
4/rev component of the vertical force F,, being the

most important vibratory load in 4-bladed
helicopters, was slightly increased instead of
reduced.

4.3.4. Multiple objective optimizations

For simultaneous reduction of rotor power P and
vibration levels the 4/rev, 8/rev and 12/rev
amplitudes of all six forces and moments were taken
into account and integrated into the cost function:

FC = PRotor +
©) s=XY,zZ

forn =4,8,12

AFs,n + AMs,n




The limits and constraints for the optimization
process and the parameters were the same as for
the single objective optimizations.

For the multiple-objective optimization cases, the
differences between conventional 2/rev HHC and
Localized Pitch Control became even more evident.
While the reductions in rotor power achieved with
the LPC functions were not as high as in the
respective single-objective optimization cases, the
power reduction for 2/rev HHC were nearly zero.

Table 6: results obtained by multiple-objective

optimization
. AP AVibrations AL /D¢t
Control Function [%] 214/8irev [%] [%]
LPC1 (single) -1.66 -54.8 +0.148
LPC2 (double) -2.26 -57.3 +0.204
2/rev HHC -0.02 -51.1 +0.115

In the multiple-objective optimization case, the best
results were achieved with the second type of LPC
containing two separate dips, shown in Figure 4-12.

A8 []

0 60 120 180 240 300 360
T
Figure 4-12: Optimum LPC function for simultaneous
power and vibration reduction
The mechanisms for the power reduction are the
same as described before, local reduction of profile
drag (see Figure 4-13) and a redistribution of lift over
the rotor disk. While the first dip of the LPC function
addresses the high profile drag in around 60°
azimuth from the baseline case (Figure 4-1), the
second dip significantly increases the angle of attack
and thus the profile drag at the beginning of the
second quadrant. Furthermore reduction of drag at
the 180° position is less prominent than for the
single-objective optimization case.

y/R

05-

] 05 0 05
WR

Figure 4-13: Change in CdrM2 due to LPC function
obtained by multi-objective optimization
Since the sharp increase of the pitch angle at 80
degrees azimuth is not beneficial in terms of power
reduction, it must be a result from the second
objective of the optimization — the reduction of
vibratory loads.
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Figure 4-14: changes in vibratory loads due to LPC
function obtained by multi-objective optimization
Overall the reduction of vibratory forces and
moments was higher than for the single-objective
optimization, although a slight increase of the 4/rev
components of My and M, still persisted. The
highest increase in vibratory loads was found to be

the 12/rev component of the vertical force.

In general the results obtained via multi-objective
optimization for power and vibration reduction favor
LPC over 2/rev HHC, although not all components of
the vibratory loads could be reduced. This issue can
presumably be resolved by applying a weighting



function for the different vibration components into
the cost function.

4.4. Results obtained with the FTK-blade

For the FTK-blade, the same investigations were
conducted as for the Bo-105 blade with both single
and multiple-objective optimizations. Due to the
more advanced blade design the baseline rotor
power P for p=0.32 already was significantly lower
(75.8kW) than for the baseline Bo-105 case
(93.82kW) and also exhibited a better effective L/D
ratio of 7.71 (Bo-105: 5.27).
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Figure 4-15: Sectional torque contribution CdrMz for
the baseline FTK case
Also, the areas of increased sectional torque
contribution within the rotor disk were much less
pronounced. Correspondingly, the baseline case for
the FTK-blade exhibited almost 38% lower vibration
levels than the Bo0-105 baseline case. As was
expected, the margin for additional power and
vibration reductions through the application of active
rotor control was much lower using the FTK model

blade.

The single-objective  optimizations for power
reduction yielded only very minor power savings of
up to 0.52%, combined with (in case of single dip
LPC significant) increases in overall vibration levels,
and no significant increases in the effective lift-to-
drag ratio.

The results obtained from  multi-objective
optimizations showed that none of the examined
control functions was able to simultaneously reduce
power and vibration levels. In all “optimum” cases
vibrations were reduced, but power consumption
was increased by up to 1.66% in case of 2/rev HHC,
and the effective L/D ratio was slightly reduced.

For both optimization strategies, the second LPC
variant (two separate dips) was found to be the best
compromise between moderate reductions of
vibrational loads and reduction (or the least
increase) in rotor power. The combined results of
the optimization efforts are summarized in the
following table:

Table 7: Summary of optimization results obtained
with the FTK-blade

Control AP AVibrations AL/Dest
Function [%0] 2/4/8Irev [%] [%0]
Single objective optimization
LPC1 (single) -0.52 +42.3 +1.01
LPC2 (double) | -0.41 -6.8 +0.78
2/rev HHC -0.32 +4.4 +0.65
Multiple objective optimization
LPC1 (single) +0.55 -26.6 -1.04
LPC2 (double) | +0.05 -22.7 -1.30
2/rev HHC +1.66 -14.0 -3.11

The main reason for the very low power reductions
achieved with the FTK-blade lies in its advanced
geometry. Compared to the Bo-105 blade, where the
most significant contributions to rotor torque were
generated at the rectangular blade tip, the FTK-
blade’s parabolic swept tip already accounts for
drastic reductions in local drag an thus overall rotor
torque (see Figure 4-15), leaving less room for
improvement.

5. CONSIDERATIONS FOR THE REALIZATION
OF LPC USING THE META SYSTEM

The DLR’s multiple swashplate control system
(META) [44] is a fully IBC-capable control system
without actuators in the rotating frame for tests with
Mach-scaled model rotors.

With the concept patented in 2008 [45] and the IBC
control procedure in 2013 [46] it has since been
successfully tested on the DLR’s rotor test bed [47],
with first wind tunnel tests in the DNW's large low
speed facility (LLF) planned in 2015 within the
framework of the FTK-project.

While the system was tested with controlled
frequencies (in the rotating system) of up to 6/rev,
the introduction of (arbitrary) LPC functions poses
new challenges regarding the overall control
strategy of the system as well as actuator control.

In the course of further investigations regarding
LPC, the limitations of the actuation system and its




controller as well as the mechanical system will be
taken into account to allow the formulation of LPC
functions, which can be realized using the existing
system.

6. CONCLUSIONS AND OUTLOOK

e Basic numerical investigations with two different
model rotors at pu=0.32 were conducted for
different forms of Localized Pitch Control as
well as 2/rev HHC.

e With Bo-105 model blades, LPC was found to
perform superior to conventional 2/rev Higher
Harmonic Control regarding both power
reduction as well as simultaneous reduction of
required power and vibration levels. Optimum
LPC achieved power reductions of up to -3.62%
(single objective optimization) as well as -2.26%
in power and -57.3% in vibration levels (multi-
objective optimization).

e While well suited for simultaneous power and
vibration reduction, not all vibratory loads could
be reduced by the optimized LPC functions.
This issue is presumably resolvable by
introducing a weighting factor into the
calculation of the vibration cost function.

e Applied to a modern rotor blade with advanced
geometry (especially at the blade tip), the
achieved power reductions through LPC and
HHC  were significantly reduced and
simultaneous reduction of rotor power and
vibrational loads could not be achieved. While
undoubtedly useful in terms of vibration
reduction, active rotor control seems to offer
only little potential for power reductions in
combination with modern rotors.

e Future work is aimed at a more thorough
understanding of the wunderlying physical
phenomena responsible for the observed
effects of LPC on required rotor power and
vibrations. Furthermore the potential use of
LPC for the reduction of pitch link loads during
the occurrence of blade stall on the retreating
side of the rotor, for example during
maneuvers, will be examined.

e For possible experimental LPC investigations,
the LPC functions will be modified to fit the
requirements for realization on the DLR’s
multiple swashplate control system.
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