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Among the several sources of acoustic annoyance produced by rotorcraft in operating conditions, blade-vortex
interactions (BVIs) capture the interest of much of the current research. This paper deals with the reduction of BVI
noise from helicopter main rotors by application of the active twist rotor concept (ATR), exploiting smart materials
for twisting blades through higher-harmonic torque loads. An optimal, multi-cyclic, control approach is applied
to identify the control law driving the ATR actuation during the occurrence of severe BVI events. Numerical
predictions are obtained through a computational tool that is able to predict the aeroelastic response of the rotor
blades and the emitted noise in arbitrary steady flight conditions. The approach for the control law identification
is described and numerical results concerning aeroelastic and aeroacoustic performance of the controlled rotor are
presented to assess the proposed methodology.

NOMENCLATURE
faer, f

nl
str Forcing terms of linear structural dynamics

m Generalized ATR torque moments
p′T , p

′
L Thickness and loading noise

q Vector of the Lagrangian coordinates
r Distance between source and observer positions
u, z Vectors of control and output variables
v Flow velocity
x,y Observer and source position
G Unit-source solution of the Laplace equation
Gu,Gz Gain matrices
J Cost function
M,C,K Mass, damping and stiffness matrices
S

B
, S

N

W
, S

F

W
Body, near wake and far wake surfaces

T Input-output control transfer matrix
Wu,Wz Optimal control weighting matrices
c0, p0, ρ0 Speed of sound, pressure and density

of undisturbed medium
τ Emission time
ϕ

S
, ϕ

I
Scattered and incident velocity potential

un, vn Flow and body normal velocity components

1. INTRODUCTION
The acoustic annoyance is one of the critical issues concern-

ing the flight of helicopters. The main rotor plays a crucial role
in noise generation, through several aerodynamic phenomena
that affect its performance. Among these, blade-vortex interac-
tions (BVIs) are relevant sources of noise. Indeed, BVI noise
has an impulsive nature, which is particularly annoying for the
human ear and typically occurs when the helicopter is in de-
scent or in slow advancing flight1, 2 (i.e., when it operates near
the ground and the community). As a consequence, prediction
and control of BVI noise (in terms of magnitude and directiv-
ity pattern) are important issues for rotorcraft designers both
for civil applications and for improving stealthiness in military
missions.

Identification of optimal rotor blade shapes and active con-
trols, as well as a definition of optimal minimum noise de-
scent trajectories are strategies extensively investigated by re-

searchers to reduce the acoustic impact of helicopters on com-
munities. Active control systems are particularly suitable for
BVI alleviation, in that severe BVIs occur during low speed
flight when more power is available to actuators, as compared
to high speed forward flight. Approaches based on higher har-
monic blade control have been investigated in detail, both nu-
merically and experimentally in the past literature.2–5 Specifi-
cally, the attention has focused mainly on two types of control
systems: the individual blade control (IBC), for which each
blade is controlled in the rotating frame through pitch links
or flaps, and the so-called higher harmonic control (HHC),
which acts on all the blades simultaneously by driving the
non-rotating component of the swashplate. The benefits of
HHC and IBC in reducing both vibrations and acoustic annoy-
ance have been widely discussed, although some drawbacks
emerged. Besides problems related to the increase of weight
and complexity of the actuation devices, the way these con-
trollers act for BVI noise reduction often corresponds to an in-
crease in low-frequency noise content and in rotor vibration
levels.2, 6 Furthermore, the actuators that are typically used
for the conventional active control are characterized by limited
frequency bandwidth and high vulnerability of the hydraulic
systems. Active materials help to overcome most of these lim-
itations, since they operate through the direct conversion from
the electrical signal to the mechanical deformation of the mate-
rial. This allows low-mass and high-bandwidth actuators thus
increasing the ability to control the aeroelastic behavior of the
individual blades for cancelling the unsteady high-frequency
aerodynamic loads, which are the main cause of rotor noise
and vibrations. Indeed, in recent years increasing attention to
the application of the smart materials to rotorcraft systems has
been paid by the research community.7–12

This paper presents an IBC controller relying on active twist
rotor (ATR) actuation that is aimed at reducing high-frequency
rotor noise aerodynamically generated by BVIs. It is an ex-
tended version of the work recently presented by the authors,13

where the conceptual idea of this active twist BVI-controller
has been introduced.

The proposed control strategy relies on high-frequency actu-
ation to generate loads aimed at direct suppression/alleviation
of those due to BVI. This approach is different from the more
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commonly used ones that apply low-frequency (2 to 6/rev) ac-
tuators to alter key factors of BVI phenomena, such as miss-
distance and blade-vortex interaction angle.14 It operates in
bounded time slots during blade rotation through small, local-
ized blade torsional moments. This allows the system to evolve
unaffected by the controller in the rest of the revolution. In this
way, BVI phenomena (and related emitted noise) are altered
where they occur, which minimizes the onset of negative by-
products effects like, for instance, vibratory hub loads increase.
The actuation is driven by a control law identified by an opti-
mal, multi-cyclic control method based on main rotor aeroe-
lastic/aeroacoustic numerical simulations. The control law is
synthesized by using as control variables the blade torsional
deformations, that are suited for suppressing high-frequency
BVI loads. The corresponding ATR actuation torques are de-
termined by the application of a simplified linear blade-torsion
aeroelastic differential formulation. A high-frequency, BVI-
effects alleviation approach is presented also by Modini et
al.,15 where the control law is determined through numeri-
cally efficient two-dimensional parallel-BVI simulations, al-
though not accounting for influence of aeroelastic phenomena.
Note that the technological feasibility of the proposed high-
frequency controller is still an open issue, although much re-
search is under development in this field.6 Thus, the goal of
this paper is to explore its potential performance, as well as to
provide an efficient procedure for synthesis and application of
control law.

In the following section, the theoretical formulations imple-
mented in the simulation numerical tools applied for control
synthesis and verification are briefly outlined. Section 3 pro-
vides a detailed description of the control methodology pro-
posed, and finally Section 4 presents and discusses numerical
applications aimed at assessing its capability to reduce BVI-
induced blade loads and noise.

2. ROTOR BVI NOISE PREDICTION

The simulation of the acoustic disturbance generated by ro-
tors in BVI conditions is a multidisciplinary task; accurate
modelling of blade aeroelasticity and aerodynamics is required
to yield the blade surface pressure distribution that, in turn,
is the input to an aeroacoustic tool providing the radiated
noise. Indeed, blade and wake deformations strongly affect
BVI phenomena through the corresponding blade-wake miss
distance. However, the prediction of the aeroelastic behav-
ior is of paramount importance for the proposed controller, in
that it is based on blades aeroelastic twist response to actuation
torques.

The following sections provide a brief outline of the method-
ologies applied in this work to obtain BVI noise predictions
used for synthesis and verification of the proposed controller
(an extensive validation of them is available, for instance, in
Gennaretti et al.16 or Bernardini et al.17).

2.1. Rotor Aeroelastic Modeling
Aeroelastic responses are obtained by combining a blade

structural dynamics model with aerodynamic loads given by a
quasi-steady sectional formulation corrected with wake inflow.

Blade structural dynamics is described through a beam-like
model. It derives from a nonlinear, bending-torsion formu-
lation valid for slender, homogeneous, isotropic, nonuniform,
and twisted blades, undergoing moderate displacements.18 The

radial displacement is eliminated from the set of equations by
solving it in terms of local tension, and thus the resulting struc-
tural operator consists of a set of coupled nonlinear differen-
tial equations governing the bending of the elastic axis and the
blade torsion.19 If present, the effects of blade pre-cone angle,
hinge offset, torque offset, and mass offset are included in the
model.20

The aerodynamic loads are evaluated through the quasi-
steady approximation of the Greenberg sectional theory.21

Three-dimensional, unsteady effects deriving from the wake
vorticity are taken into account through the influence of the
corresponding wake inflow on the downwash at the blade cross
sections. The evaluation of the wake inflow is obtained by the
boundary element method (BEM) for the solution of a bound-
ary integral equation approach, suited for the analysis of po-
tential flows around helicopter rotors in arbitrary flight condi-
tion.16

Coupling blade structural dynamics with aerodynamic loads
yields an aeroelastic integro-partial differential system of equa-
tions. These are spatially integrated through the Galerkin ap-
proach with the description of elastic axis deformation and
cross-section torsion as linear combinations of shape functions
satisfying the homogeneous boundary conditions. This yields
a set of nonlinear, ordinary differential equations of the type

M(t) q̈ + C(t) q̇ + K(t)q =

f nlstr(t,q) + faer(t,q) + m(t); (1)

where q denotes the vector of the Lagrangian coordinates,
M,C, and K are time-periodic, mass, damping, and stiffness
structural matrices that represent the linear structural terms,
while m denotes the generalized torque moments driving the
ATR actuation. Nonlinear structural contributions are col-
lected in the forcing vector f nlstr(t,q), whereas vector faer(t,q)
collects the generalized aerodynamic forces. Since the aim
here is to predict the aeroelastic periodic response during
steady flight, the aeroelastic system in Eq. (1) is solved by
using the harmonic balance approach.20, 22 It is a methodol-
ogy suitable for the analysis of the asymptotic solution (as
time goes to infinity) of differential equations forced by pe-
riodic terms, as in the present case. Because of the presence
of nonlinear contributions deriving both from structural terms
and from the free-wake aerodynamic loads prediction, the fi-
nal system has to be solved using an iterative approach. To this
aim, the Newton-Raphson procedure is applied. In the itera-
tive loop, BEM boundary conditions and corresponding wake
inflow are continuously updated accordingly to actual blade
aeroelastic response.

2.1.1. Linearized Blade Torsion Dynamic Response

As mentioned in Section 1, in the control feedback process
a simplified aeroelastic model is used to identify the ATR ac-
tuation torque moments, as those yielding (rapidly, but with a
satisfactory degree of accuracy) the optimal blade torsion de-
formation indicated by the control law (see Section 3). Specif-
ically, for the aeroelastic inverse problem used in the feedback
process to determine the actuation torque moments, a reduced
version of Eq. (1) describing only the linear torsion behavior
is applied. The resulting simplified aeroelastic formulation for
the torsional degrees of freedom, qT , reads:

MT (t) q̈T + CT (t) q̇T + KT (t)qT = faer,T (t) + m(t); (2)
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where MT ,CT , and KT represent linear structural and aero-
dynamic contributions, and faer,T (t) denotes generalized aero-
dynamic torque moments independent on blade deformation.

2.2. Rotor Aerodynamic Solver
As already mentioned, the aerodynamic loads collected in

faer and faer,T are obtained by the spanwise integration of
loads from the Greenberg sectional theory.21 In order to be
able to predict BVI occurrence and corresponding aeroelas-
tic effects, a three-dimensional, free-wake inflow correction
is used. This wake inflow is evaluated by a boundary inte-
gral formulation for potential flows suited for the prediction
of strong aerodynamic body-wake interaction phenomena,16

which is also used to determine the blades pressure distribu-
tion to be applied for the prediction of BVI acoustic effects
radiation (see Section 2.3).

Considering a potential velocity field such that the velocity
is given by v = ∇ϕ, this formulation assumes the potential
field, ϕ, to be given by the superposition of an incident field,
ϕ

I
, and a scattered field, ϕ

S
(i.e., ϕ = ϕ

I
+ϕ

S
). The scattered

potential is generated by sources and doublets over the surfaces
of the blades, S

B
, and by doublets over the wake portion that

is very close to the trailing edge from which it is emanated
(near wake, S

N

W
). The incident potential is due to doublets

distributed over the complementary wake region that compose
the far wake S

F

W
.16 The wake surface partition is such that the

far wake is the only wake portion that may come in contact
with blades and generate BVI effects. The incident potential
is discontinuous across S

F

W
, whereas the scattered potential is

discontinuous across S
N

W
and is represented by16

ϕ
S
(x, t) =

∫
S
B

[
G (vn − un)− ϕ

S

∂G

∂n

]
dS(y)

−
∫
SN

W

∆ϕ
S

∂G

∂n
dS(y); (3)

where G = −1/4π r is the unit-source solution of the three-
dimensional Laplace equation, with r = ‖y − x‖, while
∆ϕ

S
is the potential jump across the wake surface, known

from past history of potential discontinuity at the blade trailing
edge through the Kutta-Joukowski condition.23 In addition,
vn = v

B
· n, with v

B
representing the blade velocity (with

inclusion of aeroelastic deformation effects), and n being its
outward unit normal, whereas un = u

I
· n, with u

I
denoting

the velocity induced by the far wake.
Considering the far wake discretized into M panels, as-

suming the potential jump to be constant over each panel,
and recalling the equivalence between surface distribution of
doublets and vortices, the incident velocity field is evaluated
through the Biot-Savart law applied to the vortices that have the
shape of the panel contours. In order to assure a regular distri-
bution of the induced velocity within the vortex core, and thus
a stable and regular solution even in blade-vortex impact con-
ditions, a Rankine finite-thickness vortex model is introduced
in the Biot-Savart law.16 The wake-induced velocity field is
applied to evaluate the term un in Eq. (3) (and the wake inflow
correction for the sectional loads theory), as well as the veloc-
ity field from which the wake shape evolution is determined in
a free-wake analysis. Note that for an accurate prediction of
BVI phenomena, the accurate evaluation of the wake distorted

shape is essential, meaning that a crucial role is played by the
relative positions between the body and the wake.

In this formulation, the incident potential affects the scat-
tered potential through the induced-velocity, while the scat-
tered potential affects the incident potential by its trailing-edge
discontinuity that is convected along the wake and yields the
intensity of the vortices of the far wake.16 Once the potential
field is known, the Bernoulli theorem yields the pressure dis-
tribution to be provided to the aeroacoustic solver.24

2.3. Rotor Noise Radiation
In the aeroacoustic simulation presented here, the noise ra-

diated by rotor blades is evaluated through solution of the well-
known Ffowcs Williams and Hawkings (FW-H) equation,25

which governs the propagation of acoustic disturbances gen-
erated aerodynamically by moving bodies.

The boundary integral formulation developed by Farassat
known as Formulation 1A26, 27 is a widely-used and computa-
tionally efficient way to determine the acoustic field as solution
of the FW-H equation, and is particularly suited for the prob-
lems examined in this paper. When the velocity of the rotor
blades is far from the transonic/supersonic range, it yields the
aeroacoustic field as a superposition of a term, p′

T
, depending

on blade geometry and kinematics (thickness noise), and of a
term, p′

L
, which is related to the blade airloads (loading noise).

These two noise contributions are given by the following inte-
grals evaluated over the actual blade surface, S

B
.26, 27

4πp′T (x, t) =

∫
S
B

[
ρ0v̇n

r|1−Mr|2

]
τ

dS(y)+

∫
S
B

ρ0vn
(
rṀ · r̂ + c0Mr − c0M2

)
r2|1−Mr|3


τ

dS(y); (4)

4πp′L(x, t) =
1

c0

∫
S
B

[ ˙̃pn · r̂ + p̃ ṅ · r̂
r|1−Mr|2

]
τ

dS(y)+∫
S
B

[
p̃n · r̂− p̃M · n
r2|1−Mr|2

]
τ

dS(y)+

1

c0

∫
S
B

[
p̃n · r̂

r2|1−Mr|3
(
rṀ · r̂ + c0Mr − c0M2

)]
τ

dS(y);

(5)

where c0 and ρ0 are, respectively, the speed of sound and the
density in the undisturbed medium, whereas p̃ = (p − p0),
with p0 representing the undisturbed medium pressure, M =
v

B
/c0, M = ‖M‖, and Mr = M · r̂ with r̂ = r/‖r‖. In

addition, ṅ and Ṁ denote time derivatives, respectively, of the
outward blade surface unit normal vector and of the local blade
velocity Mach vector, as observed in a frame of reference fixed
with the undisturbed medium, whereas the notation [...]τ indi-
cates that these quantities must be evaluated at the emission
time, τ , i.e., the time at which the signal arriving in x at time t
started from y ∈ S

B
.26, 27

In problems dealing with weakly loaded rotors, the thickness
and loading noise are comparable. However, when strongly
loaded rotors are examined, the thickness noise contribution
tends to be negligible and the acoustic disturbance is dom-
inated by the loading noise. Rotors in BVI conditions fall
within this category of acoustic phenomena.
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3. CONTROL PROCEDURE FOR BVI NOISE
ALLEVIATION

In this section, the optimal control method adopted to iden-
tify an ATR control law aimed at reducing BVI noise generated
by helicopter main rotors is described.

3.1. Definition of the Control Approach
As already pointed out, the proposed controller relies on

higher harmonic blade twist deformations to reduce rotor BVI
noise as much as possible. Blade torsion deformations suited
for noise alleviation are determined by a closed-loop, multi-
cyclic, and optimal control algorithm, in which the correspond-
ing actuation torques to be applied to the blades are provided
by a simplified inverse, aeroelastic problem (see Fig.(1) for a
scheme of the controller action).

Prior to control law synthesis, preliminary considerations
are useful to identify suitable sets of control (input) variables,
u, and of (output) variables, z, to be monitored and controlled.
Within helicopter configurations in descent flight, several in-
teractions between blades and wake vortices occur in specific
regions of both advancing and retreating sides of the rotor
disk.1 For the work presented here, the control action is fo-
cused within a time interval during the retreating blade motion
defined through the application of the Hann window, and spe-
cific harmonics of the blade torsion deformation in that win-
dowed period are chosen as control variables, u. Furthermore,
the output variables, z, which are considered in the controller,
are noise harmonics decibels predicted at a microphone suit-
ably located. Specifically, the microphone is positioned at the
rear edge of the left skid of the helicopter, which is just below
the retreating side region of the disk rotor affected by strong
BVI, where the controller is actuated. Akin to the approach fol-
lowed in a previous work on this subject,2 the noise harmonics
considered in the output vector, z, are those between the 6th

and the 17th blade passage frequency that represent the BVI
contribution to the noise. Note that, differently to the present
analysis, in Patt et al.2 the feedback microphone is located on
the right skid, since controller action is mainly focused on ad-
vancing side BVI.

3.2. Optimal Control Algorithm
Following an approach already used in the past by sev-

eral authors2, 28, 29 that have dealt with the problem of heli-
copter noise and/or vibration control, the identification of the
control law is achieved through a multi-cyclic optimal pro-
cedure that consists of minimizing the cost function, J =
zT Wz z + uT Wu u, where Wz and Wu are weighting ma-
trices defined to get the best compromise between high control
effectiveness and low control effort. Because of the inherently
time-periodic nature of the problem, in this control approach
u and z collect sine and cosine harmonic components of vari-
ables, thus disregarding transient evolution effects.

Akin to the standard optimal LQR control method (of which
the present approach may be interpreted as the natural ex-
tension for application to steady-periodic systems), the mini-
mization of the cost function is obtained under the constraint
of satisfying the governing equation of the controlled sys-
tem. The constraint is given by a simplified linear relation-
ship between control variables and system response, zn =
zn−1+Tn−1 (un−un−1), where Tn−1 is the (gradient) trans-
fer matrix for u = un−1, which provides the system response

perturbation corresponding to a control input perturbation. It
describes the aerodynamic/aeroacoustic behavior of the rotor
system, and may be obtained by a set of suited numerical sim-
ulations. Then, combining the cost function with the constraint
equation and minimizing the resulting cost function yield the
following optimal control input:

un = Gu un−1 −Gz zn−1; (6)

where the gain matrices are given by Gu =
DTT

n−1 WzTn−1 and Gz = DTT
n−1 Wz , with

D = (TT
n−1WzTn−1 + Wu)−1.

Equation (6) has to be used in a recursive way: starting
from a given control input and corresponding output, the law
of the optimal controller is updated until convergence. This
provides a closed-loop controller applicable both in a valida-
tion process based on simulations given by the complete aero-
dynamic/aeroelastic/aeroacoustic model and in real helicopter
configurations.

3.3. Efficient ATR Control Synthesis
A drawback in using this local controller lies in the signifi-

cant computational cost of the gradient matrix evaluation that,
in principle, is required at each step of the iterative control pro-
cess about different values of the control variables (it is worth
recalling that, evaluating the gradient matrix means determin-
ing sensitivities of the noise emitted with respect to each twist
deformation harmonic considered in the control actuation).

To obtain an efficient determination of the matrix Tn, the
following procedure is applied: (i) starting from undeformed
rotor blades, a set of output vectors, z, is evaluated as open-
loop responses to a set of small blade twist deformations (in-
put vector, u); (ii) from this database, a least squares polyno-
mial approximation of the functions relating each output vari-
able to each input variable is determined; (iii) at each step of
the iterative control process, each element of the gradient ma-
trix, Tij = ∂zi/∂uj , is analytically derived from the identified
polynomial forms. Thanks to the least squares approximation
applied, the application of the optimal local controller is as fast
as that of a global controller (i.e., considering a constant gra-
dient matrix), in that it avoids the numerical evaluation of the
gradient matrix at each step of the control process. The final
step of the identification of the ATR controller consists of de-
termining the torque moments to be applied to the blade, to
get the twist deformations required by the optimal control al-
gorithm. For the sake of numerical efficiency (and feasibility
of real-time controller), these are derived from the simplified
aeroelastic model presented in Eq. (2). Indeed, for a steady-
periodic rotor response, expressing the system matrices, the
twist Lagrangian coordinates, and the forcing vector in terms
of their Fourier coefficients, and then applying a harmonic-
balance approach, it yields an algebraic relation between har-
monics of the forcing terms (actuation torque moments, in par-
ticular) and the harmonics of the twist variables. Thus, letting
the harmonics of the twist variables coincide with the elements
of the control variables vector, u, from the Fourier represen-
tation of Eq. (2) it is possible to derive the harmonic com-
ponents of the actuation torque moments. This completes the
control feedback that, starting from noise measurements at the
rear edge of the left skid provides the ATR actuation moments,
as synthetically described in the scheme of Fig. (1), where
steps of the control process, as well as data exchanged among
them, are illustrated.
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Figure 1. Controller block diagram.
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Figure 2. Blade mass distribution.

mode frequency [Hz]
lag 13.54
flap 20.80

torsion 89.15

Table 1. Blade flap, lag and torsional first natural frequencies of vibration.

4. NUMERICAL RESULTS

For validation purposes, the noise control methodology pro-
posed has been applied to a fully hingeless model rotor with
a radius R = 2 m, that has four blades of constant chord
c = 0.121 m, a linear twist angle of−8◦, NACA 23012 section
profiles, and a rotational speed Ω = 190.12 rad/s. Blade mass
distribution is given in Fig. (2) and blade structural properties
are reported in Table 1 in terms of natural frequencies of vibra-
tion. The operating condition examined is typically affected
by strong BVI events, and consists of a 6◦ descent flight at ad-
vance ratio µ = 0.15, with shaft angle αS = −5.4◦ (i.e., tilted
backwards). The rotor is trimmed with constraints of providing
3300N thrust and null in-plane moments. Free-wake aerody-
namic calculations are performed discretizing each blade sur-
face through 15 (upper and lower) chordwise panels and 18
spanwise panels, using 180 azimuth discretization steps, and a
2-spiral wake length.

In the following paragraphs, preliminary studies of the base-
line (uncontrolled) case are shown, which allow characteriza-
tion of the blade’s operating conditions and the identification
of suited control variables. Then, results concerning two nu-
merical applications of the closed-loop noise control approach
are presented, which differ in the aeroelastic tool that provides
the rotor feedback to the controller: in the first one, the rotor
blades are assumed to have bending stiffness tending to infin-
ity (rigid bending), whereas in the second case the complete,
and more realistic, aeroelastic modeling of the rotor blades is
considered. From these results, it is possible to assess the ef-
fectiveness of the control methodology that was investigated,
as well as to estimate the influence of the approximations in-
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C
n
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2
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Figure 3. Time history of CnM2 high-frequency content (≥ 7/rev), at
r/R = 0.87.

troduced in the blade aeroelastic modeling applied for control
synthesis.

4.1. Preliminary Analysis
Here, investigations aimed at identifying sets of variables u

and z that are suitable for the control process are presented.
Since the purpose of this work is the assessment of the ATR
ability to alleviate BVI noise through control of blades high-
frequency aeroelastic behavior, an analysis of the blade sec-
tional loads is useful to derive guidelines for the definition of
the most appropriate actuation process. In this regard, Fig. (3)
presents the time history of the high-frequency content of the
CnM

2 coefficient at the cross section located at r = 0.87R
(the frequency content ≥ 7/rev has been selected, in that it is
strongly affected by BVI events). The figure shows two dif-
ferent blade-vortex interaction occurrences: the most severe in
the advancing region, the other appearing in the retreating side.

Hereafter, the ATR control application is focused on the al-
leviation of the retreating side BVI occurrence. Indeed, it gen-
erates effects that are clearly bounded with respect to those due
to advancing BVI, and thus provides a well-suited test case for
proposed control verification.

The Hann windowing function is applied to the high-
frequency content of Fig. 3, in order to highlight the retreat-
ing side BVI effects. Figure 4(a) depicts the signal extracted
in the azimuth range Ψret = [260◦, 320◦], while Fig. (4(b))
shows the corresponding spectrum related to the windowing
period considered, which demonstrates that the dominant BVI
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Figure 4. Windowed CnM2 high-frequency content.

signal harmonics are the 4th and 5th ones (i.e., the 24/rev
and the 30/rev, respectively). Considering these results, the
sine and cosine components of the 4th and 5th harmonics in
ψ ∈ Ψret of the first two blade torsional Lagrangian degrees
of freedom, φI , φII , are assumed as control inputs, u. As
mentioned above, the ATR actuation is related to these con-
trol inputs through the linearized aeroelastic system in Eq. (2),
which yields the torque moment to be applied to the blade in
order to get the twist deformations indicated by the optimal
control algorithm. In this work, ATR actuation consists of two
concentrated torques located at r1 = 0.75R and r2 = 0.90R,
through which it is possible to control the first two blade tor-
sional modes (indeed, their nodes are far from torque loca-
tions).

Further, SPLs of the noise signature evaluated/measured at
the rear edge of the left skid of the helicopter have been se-
lected as output variables.. Specifically, these are the SPLs of
the noise harmonics between the 6th and 17th blade passage
frequency, which are strongly affected by BVI; the position
of the monitoring microphone has been chosen to be approx-
imately underneath the retreating side of the rotor disk where
the controller is actuated.

4.2. Noise Control of Only-Torsion Blades
Rotor

First, the closed-loop control is applied to alleviate the noise
emitted by the rotor assumed to be composed of blades un-
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Figure 5. CnM2 high-frequency, windowed signal from only-torsion aeroe-
lastic model.

dergoing only-torsion deformations (i.e., governed by Eq. (2),
like for the evaluation of the actuation torque moments). The
results from this control application provide highlights on the
nominal performance of the controller synthesized, while the
effect of a more realistic rotor aeroelastic response to the ATR
actuation will be discussed later.

Figure 5 shows an uncontrolled (baseline) and controlled
high-frequency content (> 7/rev) of coefficient CnM2 eval-
uated at the blade cross section r = 0.87R. Time history and
spectrum regard the selected azimuth window, Ψret, and the
controlled signal is that obtained when the control algorithm
convergence is reached. This figure demonstrates that a sig-
nificant reduction of BVI-induced loads is achieved. The cor-
responding actuated control variables are given in Table 2 in
terms of their sine and cosine components. Further, Fig. (6) de-
picts the effects of control action on blade tip torsion, showing
a maximum peak-to-peak difference between controlled and
uncontrolled responses of 0.6◦, and negligible transient oscil-
lations due to actuation windowing.

Regarding the acoustic effects of control action, the noise
emitted on a horizontal plane located 2.3 m below the rotor hub
is examined similarly to the analysis presented by Patt et al.2

Figure 7 shows the noise contour plots predicted from baseline
and controlled configurations. The two plots concern the so-
called BVISPL, which is evaluated as the Overall Sound Pres-
sure Level (OASPL), but is limited to the noise spectrum be-
tween the 6th and the 40th blade passage frequency (i.e., those
most affected by BVI events). These figures demonstrate the
evident effectiveness of the controller in alleviating the noise
generated by the retreating-side BVI occurrence, particularly
in the region behind the rotorcraft.
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Table 2. Control variables from only-torsion aeroelastic simulation.

variables φI4C φI4S φII4C φII4S φI5C φI5S φII5C φII5S

values [deg] -0.229 +0.001 +0.024 +0.035 +0.144 -0.048 +0.042 -0.002
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Figure 6. Difference between controlled and uncontrolled blade tip torsion.
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Figure 7. BVISPL contour plot predicted by only-torsion aeroelastic rotor
simulation.

The differences between controlled and uncontrolled noise
are presented in Fig. 8(a), where it is evident the presence of a
quite large region of noise reduction in the rotor rear side (up
to −7dB), whereas noise increase (up to 2.5dB) appears in a
limited area close to the rotor retreating side.

Further, Fig. 8(b) shows the difference between controlled
and uncontrolled noise in terms of the OASPL, i.e., including
also the low-frequency harmonics. In this case, controller ef-
fects are smoother than those observed in Fig. 8(a). The noise
is generally alleviated with a maximum reduction of about
2dB, while the peak of noise increment (limited to a small re-
gion) is equal to 1dB.
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Figure 8. Effect of controller on (a) BVISPL and (b) OASPL predicted by
only-torsion model.

The effects of the proposed control law on the emitted noise
can be considered to be satisfactory by producing reductions
of noise levels in most of the examined region. They present
a remarkable directivity. Further, it is worth noting that the
corresponding aeroelastic response has demonstrated no influ-
ence of control actuation on vibratory hub loads transmitted to
the airframe, which confirms the advantage of high-frequency
controllers in terms of drawbacks onset.

4.3. Noise Control with Complete Rotor
Aeroelastic Response

Now, the noise control procedure is applied to a rotor sim-
ulated by a complete nonlinear, bending-torsional aeroelastic
formulation (see Section 2.1). Unlike the analysis discussed
in the section above, here the aeroelastic tool yields a response
that may significantly differ from the one that was predicted by
the transfer matrix, T, which was used in the controller synthe-
sis. Hence, the following results are a test of proposed control
robustness, namely, an assessment of its capability in provid-
ing good performance when applied to a system more complex
than that used for its synthesis.

Figure 9 shows the high-frequency content of the CnM2 co-
efficient for the same blade section and azimuth windowing
considered in Section 4.2. Similarly, the controlled signal is
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Figure 9. CnM2 high-frequency, windowed signal from complete aeroelastic
model.
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Figure 10. Difference between controlled and uncontrolled tip torsion.

provided at the final step of the iterative control procedure.
Then, Fig. 9(b) shows that, for the 4th and 5th windowed
load harmonics, alleviations similar to those obtained by the
only-torsion aeroelastic model are achieved, although the rest
of the harmonics examined are subjected to a smaller reduc-
tion. Nonetheless, the overall control effect is still very satis-
factory.

In Table 3, the values of the corresponding control variables
are given. In this case, the combination of these coefficients
gives a maximum peak-to-peak blade tip twist of 0.45◦, show-
ing that good results can also be reached with a smaller con-
trol effort. The difference between controlled and uncontrolled
blade tip torsion responses is presented in Fig. 10, which
shows that also in this case, transient effests due to actuation
windowing are negligible.

Next, the effect of the controller on noise alleviation is an-
alyzed in terms of BVISPL contour plots, on the same plane
considered in Section 4.2. Figures 11(a) and 11(b) show, re-
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Figure 11. BVISPL contour plot predicted by complete aeroelastic rotor
simulation.

spectively, the acoustic disturbance from uncontrolled and con-
trolled rotor configurations. Compared to the results achieved
by the only-torsion aeroelastic model, these figures reveal a
lower influence of the controller on the emitted sound, both
in terms of noise peaks and directivity modification. This ap-
pears more clearly in Fig. 12(a), which highlights the differ-
ences between the BVISPL distribution emitted by controlled
and uncontrolled configurations. In this case, the maximum
reduction of the BVISPL is about 2.7dB, whereas the BVISPL
increase is greater than the one from the only-torsion model,
which reached 3dB in a limited portion of the observed region.
Further, Fig. 12(b) shows the control effectiveness in terms of
differences between the OASPL distributions. This plot reveals
that the inclusion of low-frequency acoustics tends to reduce
peaks and the extent of the region where noise is increased;
in this case, peaks of both augmented and alleviated noise are
close to about 1.5dB. In terms of vibration levels, also in this
case, no differences have been found between the baseline and
controlled configurations, which confirms the results obtained
for the only-torsion blades rotor.

The outcomes presented in this section show that the effi-
ciency of the control process proposed decreases when noise
simulation is based on the complete rotor aeroelastic behavior.
Despite this, blade loads are still considerably alleviated, and a
wide area in the vicinity of the rotor disk presents a satisfactory
reduction in noise levels.

Finally, note that the computational cost required for imple-
menting the control process (see dashed rectangle of Fig. (1)
is less than a tenth of a second for each iterative step, by using
a single 1.7GHz AMD core. Observing that in real applica-
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Table 3. Control variables from complete aeroelastic simulation.

variables φI4C φI4S φII4C φII4S φI5C φI5S φII5C φII5S

values [deg] -0.092 -0.019 -0.047 +0.068 +0.040 +0.002 +0.018 +0.008
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Figure 12. Effect of controller on (a) BVISPL and (b) OASPL predicted by
complete model.

tions, several rotor revolutions would be taken by rotor systems
to reach steady state condition after each step of the iterative
control actuation process, and that real scale helicopter rotor
revolution periods are significantly longer than that of the ex-
amined model, this means that the real time applications of the
proposed controller are potentially feasible.

5. CONCLUSIONS

An efficient procedure based on an optimal, multi-cyclic,
control algorithm has been proposed and applied for the syn-
thesis of an ATR control law aimed at reducing helicopter ro-
tor BVI noise. Rotor blades have been actuated through lo-
calized torque moments in order to drive their twist motion
in specific intervals of the blade azimuth location, where the
strongest interactions between blades and wake vortices occur.
To ensure numerical efficiency and feasibility of a real-time
controller, a simplified aeroelastic operator has been applied
in the closed-loop actuation process, and the least squares ap-
proximation method for identification of the input-output gra-
dient matrix of the local controller has been applied. The main
outcomes of the numerical investigation performed are: (1) a
preliminary analysis has shown the high-frequency nature of
the aerodynamic loads occurring in presence of BVI, thus con-
firming the need for high-bandwidth actuators (like those re-

lying on smart materials) for providing a direct action to al-
leviate them; (2) two different closed-loop control actuations
have been performed: first, evaluating the rotor aeroelastic re-
sponse through the simplified only-torsion model, then intro-
ducing the complete aeroelastic solver (controlled maximum
peak-to-peak blade tip twist of 0.6◦ and 0.45◦ have been ob-
tained, respectively); (3) for both closed-loop control applica-
tions, significant reductions of the higher-harmonic loads, as
well as noise decrease (up to 7dB for the only-torsion response
and 2.7dB for the complete aeroelastic response) in some ar-
eas of the acoustic field examined have been obtained; in both
cases, increase of the controlled acoustic disturbance ears in a
small area located below the rotor retreating side (more than
3dB in the worst case); (4) more relevant BVI noise reduc-
tions and directivity pattern changes have been obtained when
the simplified response feedback is used; when the complete
aeroelastic formulation is used, the increase of the acoustic
disturbance below the retreating rotor side becomes higher;
(5) both positive and negative effects of the controller on the
acoustic field appear mitigated (more than halved) if it is ex-
amined in terms of the OASPL, rather than in terms of the
high-frequency acoustic content (BVISPL); (6) vibratory lev-
els are observed to be unaffected by control actuation, con-
firming the advantage of high-frequency controllers in terms of
drawbacks onset. (7) the proposed controller is potentially fea-
sible for real-time applications. The findings mentioned above
have proven the potentiality of the proposed approach for al-
leviation of the unsteady aerodynamic loads due to BVIs oc-
currence, and provide an assessment of its capability in reduc-
ing the corresponding emitted noise. They confirm the attrac-
tiveness of smart materials for rotorcraft control applications,
where low-mass and high-bandwidth actuators are of strong
interest. Finally, future development of the proposed control
methodology will include its application in reducing advancing
side BVI effects, implementing an adaptive control procedure
for the high-performance gradient matrix update, and enhance-
ment of control-low synthesis process through application of
more efficient blade aeroelastic solvers based on semi-analytic
formulations.
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