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Abstract

The effectiveness of on-blade control for vibration and noise alleviation in rotorcraft is examined in detail.
The on-blade control is implemented by two sliding microflap configurations. The first was a dual microflap
configuration, and the second one was a five microflap configuration. First, vibration and noise alleviation is
examined under blade vortex interaction (BVI) conditions in descending flight at ¢ = 0.15. Vibration reduction
at high advance ratio at ¢ = 0.30 is also examined. The performance of the microflaps were also compared
to a dual plain flap configuration. Several important issues associated with this on-blade control problem are
considered, such as: (1) simultaneous vibration and noise reduction, and (2) actuator saturation when the
on-blade control is implemented by multiple control surfaces. The study indicates that microflaps are effective
on-blade control devices for vibration and noise alleviation. Their potential for vibration and noise control
compares favorably with on-blade control implemented by conventional partial span trailing edge flaps.

Nomenclature M Mach number
M, Blade mass
b Rotor blade semi-chord = %
Ny Number of rotor blades
Cp Rotor blade chord
ny, Number of lag terms
Cy, Cy, . . . .
Chin Rational function coefficient matrices Pr Average rotor power
bR n
Ca Drag coefficient Q Aerodynamic transfer function matrix
(OFY; Fuselage drag coefficient Q Approximation of Q
Chm Hinge moment coefficient R Rotor blade radius
Ci Lift coefficient s Laplace variable
Cm Moment coefficient 5 Nondim. Laplace variable = sb/U
Cw Helicopter weight coefficient T Sensitivity matrix relating control input
D,E.R Matrices defined in the RFA model to the plant output
e Blade root offset from center of rotation t Time
f Equivalent flat plate area of the fuselage t Reduced time = 1 fot U(r)dr
f Generalized load column matrix U(t) Freestream velocity, time-dependent
G Laplace transform of f(¢)U (¢) u control input vector
h Generalized motion column matrix Wy, W1 Generalized airfoil motions
H Laplace transform of h(?) Xa Offset between the aerodynamic center
k Reduced frequency = 2rwvb/U and the elastic axis
Ly Blade length X1 Offset of the blade cross-sectional center

of mass from the elastic axis



Longitudinal and vertical offsets between
rotor hub and helicopter aerodynamic cen-
ter

Longitudinal and vertical offsets between
rotor hub and helicopter center of gravity

Aerodynamic state vector

Z Plant output vector

e Airfoil angle of attack

QR Rotor shaft angle

¥ Lock number

Yn Rational approximant poles

of Flap deflection

ONe, ONs N/rev cosine and sine amplitudes of dy,

oRr Lateral roll angle

I Advance ratio

0o Collective pitch

Bot Tail rotor pitch angle

01c, 015 cyclic pitch components

Opt Blade pretwist distribution

o Rotor solidity

wr,wr,wr Blade flap, lag and torsional natural fre-
quencies

Q Rotor angular speed

P Azimuth angle

1 Introduction and Background

Vibrations and noise have been major issues in
rotorcraft. High levels of vibration and noise at low-
speed descending flight conditions are attributed to
blade-vortex interaction (BVI). During the last three
decades, several active control approaches, such as the
higher harmonic control (HHC) [1,2], individual blade
control (IBC) [3,4], and the actively controlled con-
ventional plain trailing-edge flaps (ACF) [5-7] have
been established as effective means for BVI vibration
and noise reduction in rotorcraft. As indicated by
the studies presented in Refs. 2,5,7, BVI noise re-
duction is often accompanied by increased vibration
levels and vice versa. Although both vibrations and
noise are caused by the BVI phenomena, the har-
monic control inputs required for noise reduction are
different from those needed for vibration reduction.
Thus, reducing both BVI noise and vibrations simul-
taneously is challenging. Simultaneous reduction of
noise and vibrations was systematically studied and
demonstrated for the first time in Ref. 5 using a dual
active trailing-edge servo flap configuration. A re-
duction of approximately 5 dB on the advancing side
noise combined with a 40% reduction in the vertical
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Figure 1: An oscillating microflap configuration used
for active control studies.
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Figure 2: An illustration of the Gurney flap.

hub shear was achieved.

Recently the microflap, shown in Fig. 1, which is
a deployable Gurney flap with a size of 1-3% of the
blade chord and located near the trailing-edge of the
airfoil, has emerged as a promising device for on-blade
control of vibration and noise in helicopters [8-11].
One of the earliest experimental studies on aerody-
namics of a Gurney flap was conducted by Liebeck
[12], who hypothesized that the Gurney flap caused
the flow to turn around the trailing edge resulting in
the formation of two counter-rotating vortices behind
the Gurney flap, as depicted in Fig. 2. The turning
of the flow shifts the trailing edge stagnation point
to the bottom edge of the microflap thus changing
the Kutta condition and increasing the effective cam-
ber of the airfoil. Several experimental studies have
shown that the Gurney flap is capable of increasing
the maximum lift coefficient of an airfoil by up to
30% [12-15]. The lift enhancing capabilities of the
Gurney flap have also been confirmed using compu-
tational fluid dynamics (CFD) simulations [14,16].

Due to its small size, the microflap has the po-
tential for high bandwidth active control with low ac-
tuation power requirements and minimal impact on
the blade structure when compared to conventional
control surfaces. Furthermore, the small size of mi-
croflaps may facilitate their retrofitting on existing
helicopter rotor blades with relatively few modifica-



tions. The microflap has been studied for active con-
trol applications in fixed wing aircraft such as flutter
suppression of high aspect ratio flexible wings [17] and
wing trailing edge vortex alleviation [18,19]. It was
found that the deployable microflaps can increase flut-
ter speed of a highly flexible wing by up to 22% [17].
The potential of microflaps with application to ac-
tive load control in wind turbine blades has been ex-
plored computationally and experimentally on repre-
sentative wind turbine airfoil sections [16,20].

Several computational and experimental studies
have considered microflaps for rotorcraft performance
enhancement [21,22]. A relatively simple deployment
schedule where the microflaps are deployed primarily
on retreating side of the disk was used in Ref. 21. The
maximum thrust of the rotor was enhanced by 10%
using microflaps with a 1% of chord height distributed
along the entire blade span. Recently, microflaps were
studied extensively for vibration and noise reduction
in helicopters [8,9]. In Ref. 8, a CFD based reduced
order model (ROM) capable of reproducing with very
good accuracy the unsteady, nonlinear aerodynamics
of oscillating microflaps was developed. Such a ROM
is a critical prerequisite for conducting closed-loop ac-
tive control studies for vibration and noise reduction
employing microflaps. Active vibration and noise re-
duction using on blade control implemented by mi-
croflaps has been explored recently [10,11] using an
adaptive higher harmonic control algorithm [23].

The issue of actuator saturation was also explored
in Refs. [10,11], where four different approaches for
dealing with actuator saturation were considered, as
described below:

1. Truncation (TR) which implies clipping the op-
timal flap deflection, as determined by the HHC
controller, whenever it exceeds the saturation
limits.

2. Scaling (SC) which consists of a uniform reduc-
tion of the optimal flap deflection such that it
does not exceed the saturation limits.

3. Auto-weighting (AW) which is an iterative ad-
justment of the control activity weighting ma-
trix in the HHC algorithm such that the flap
deflection is properly constrained.

4. Optimization (OPT) approach where constraints,

formulated as inequality constraints on the de-
flections of the control surface, are combined
with the quadratic cost function in the HHC
algorithm resulting in a constrained nonlinear
optimization problem.

The first three approaches TR, SC and AW in-
volve a posteriori modification of the optimal control

inputs generated by the HHC algorithm, whereas the
fourth approach OPT consists of a priori modifica-
tion of the HHC algorithm to account for the sat-
uration limits. In Refs. [10,11], it was shown that
the TR and SC approaches were ineffective and pro-
duced very substantial degradation in controller per-
formance. The AW approach provided good perfor-
mance, however its iterative nature increases the com-
putational cost. The OPT approach was the best, it
produces excellent performance at low computational
cost. Furthermore, it is ideally suited for on blade
control implemented by multiple control surfaces.

The overall objective of the current paper is to
demonstrate the effectiveness of on blade control im-
plemented by microflaps for vibration and BVI noise
reduction, including the effects of actuator saturation.
The specific objectives of the paper are:

1. Demonstrate the potential of two microflap con-
figurations for on blade control of vibration and
BVI noise, including simultaneous vibration and
noise reduction on a representative rotor config-
uration.

2. Compare the effectiveness of conventional par-
tial span trailing edge flaps with microflaps for
on blade control.

3. Demonstrate the effectiveness of the OPT ap-
proach for handling actuator saturation for on
blade control of noise and vibration.

4. Identify an improved strategy for simultaneous
alleviation of vibration and noise using active
control.

2 A CFD Based Reduced Order
Aerodynamic Model

The complex nonlinear structure of viscous flow
behind the microflap requires a CFD based approach
for the accurate treatment of microflap aerodynam-
ics. Although various CFD tools have been used to
determine the aerodynamic characteristics of a Gur-
ney flap or microflap with reasonable accuracy, the
computational costs of coupling CEFD solvers directly
with rotorcraft simulation codes are prohibitive when
conducting parametric trend studies involving active
control. This obstacle has been overcome by a non-
linear CFD based reduced-order aerodynamic model
developed in Ref. 8 that has been shown to be ac-
curate, efficient, and suitable for combination with
comprehensive rotorcraft codes. The reduced-order
model (ROM) is obtained by using a compressible
unsteady Reynolds-Averaged Navier-Stokes (RANS)



CFD solver to generate frequency domain aerody-
namic response to basic motions. Subsequently, the
frequency domain loads are converted to the time-
domain using the Rational Function Approximation
(RFA) approach.

The RFA approach has been used to generate time
domain unsteady aerodynamic loads for wing sections
(i.e. two-dimensional) for both fixed wing [24] and ro-
tary wing applications [25]. The model developed in
Ref. 25 was aimed at generating the unsteady cross
sectional loads for an airfoil/trailing edge flap com-
bination, representing the cross section of the blade
where a control surface is present. The model ac-
counts for compressibility and variations in oncoming
flow. In the original RFA model the cross sectional
aerodynamic loads were obtained in the frequency do-
main using a doublet lattice unsteady potential flow
solver. Subsequently a state-space formulation com-
bined with the RFA approach was used to convert the
loads to the time domain.

The new CFD based ROM also relies on the RFA
approach and therefore it is denoted CFD+RFA model.
It was developed in Refs. 8 and 26 which contain de-
tailed descriptions of the model. The essential fea-
tures of the model are summarized in Fig. 3. The
airfoil and the control surfaces can undergo four gen-
eralized motions, shown in the figure. A CFD code
(CFD++) is used to generate the frequency domain
information for the airfoil/flap or airfoil/microflap con-
figuration for the range of frequencies and helicopter
operating conditions for which the ROM is expected
to be used. The vector h represents the generalized
motions that yield the vector of cross sectional fre-
quency domain loads f. For the case of the plain flap
shown in Fig. 3 the vector f contains the lift coeffi-
cient Cj, the moment coefficient C,,, , the hinge mo-
ment coefficient C,,, and the drag coefficient Cy. For
the microflap only three quantities are used because
the hinge moment is negligible. The RFA approach is
used to convert the frequency domain loads into the
time domain using the Laplace transform.

The final state space representation relating the
time domain generalized motions h(t) to the gener-
alized loads f(t) is shown in the block at the bottom
of Fig. 3, where the vector x(t) represents the vec-
tor of augmented aerodynamic states. In the original
version of the RFA approach the matrices R, E, Cy,
and C; associated with this approach were constant.
However, in the CFD+RFA model these matrices are
now functions of the Mach number M, the effective
angle of attack o and the flap deflection ;. This
modification of the original approach resembles the
gain scheduling used in the design of nonlinear con-
trol systems.

The CFD++ code is used to generate the fre-

quency domain data required for constructing the ROM

[27,28], this modern commercially available code solves
the compressible unsteady RANS equations. It uses
a unified grid methodology that can handle a vari-
ety of structured, unstructured, multi-block meshes
and cell types, including patched and overset grid
features. Spatial discretization is based on a second
order multi-dimensional Total Variation Diminishing
(TVD) scheme. For temporal scheme an implicit al-
gorithm with dual time-stepping is employed to per-
form time-dependent flow simulations, with multigrid
convergence acceleration. Various turbulence mod-
els are available in CFD++ and the Spalart-Allmaras
model is used in the current study, assuming a fully
turbulent boundary layer.

The microflap shown in Fig. 1 was selected as the
most suitable configuration [8]. The overall compu-
tational domain which contains approximately 90,000
grid points is shown in Fig. 4(a). The grids used for
the microflap are shown in Fig. 4(b) and the grids for
the plain flap are depicted in Fig. 4(c).

The CFD grids for the microflap or plain flap con-
figurations are generated using the overset grid ap-
proach, a convenient method for modeling complex
geometries and moving components with large rela-
tive motions. The grids are clustered at the airfoil
wall boundaries such that the dimensionless distance
y T of the first grid point off the wall is less than 1, and
the equations are solved directly to the walls without
assuming wall functions. Extensive verification of the
CFD+RFA model predictions when compared to di-
rect CFD calculations can be found in Ref. 8, for a
wide range of flow conditions and unsteady microflap
or plain flap deflections.

3 The Comprehensive Rotorcraft
Aeroelastic Analysis Code

Active control simulations with the microflap are
performed using a comprehensive rotorcraft aeroelas-
tic code AVINOR which was validated in previous
studies [5,29]. The CFD+RFA aerodynamic model
described earlier was incorporated into AVINOR and
is employed for modeling the two-dimensional aerody-
namic effect of the microflaps and plain trailing-edge
flaps. The principal ingredients of the AVINOR code
are concisely summarized next.

3.1 Structural dynamic model

The structural dynamic model used in this study
consists of a four-bladed hingeless rotor, with fully
coupled flap-lag-torsional dynamics for each blade.
The structural dynamic model is geometrically non-
linear, due to moderate blade deflections. The struc-
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Figure 3: A schematic description of the CFD based RFA model.

tural equations of motion are discretized using the
global Galerkin method, based upon the free vibra-
tion modes of the rotating blade. The dynamics of
the blade are represented by three flap, two lead-lag,
and two torsional modes. Free vibration modes of
the blade were obtained using the first nine exact
non-rotating modes of a uniform cantilevered beam.
The effect of control surfaces such as the trailing-edge
plain flap or the microflap on the structural properties
of the blade were neglected. Thus, the control sur-
faces influence the blade behavior only through their
effect on the aerodynamic and inertial loads.

3.2 Aerodynamic model

The blade/flap or blade/microflap sectional aero-
dynamic loads for attached flow are calculated us-
ing the CFD4+RFA model described earlier. This
model provides cross-sectional unsteady lift, moment,
and drag for both plain flap and microflap configura-
tions. The RFA model is linked to a free wake model
described in Refs. 5 that yields a spanwise and az-
imuthally varying inflow distribution. For separated
flow regime, the aerodynamic loads are calculated us-
ing the ONERA dynamic stall model [5].

3.3 Coupled aeroelastic response/trim
solution

The vibratory hub shears and moments are ob-
tained from the integration of the distributed inertial
and aerodynamic loads over the entire blade span in
the rotating frame. Subsequently, the loads are trans-
formed to the hub-fixed non-rotating system, and the
contributions from the individual blades are combined.
In this process, the blades are assumed to be identical.
This process yields the Ny, /rev components, which are
the dominant components of the hub shears and mo-
ments.

The combined structural and aerodynamic equa-
tions are represented by a system of coupled ordi-
nary differential equations with periodic coefficients
in state-variable form. The trim employed is a propul-
sive trim procedure where three force equations (lon-
gitudinal, lateral, and vertical) and three moment
equations (roll, pitch, and yaw) corresponding to a he-
licopter in free flight are enforced. A simplified tail ro-
tor model, based on uniform inflow and blade element
theory, is used. The six trim variables are the rotor
shaft angle ag, the collective pitch 6y, the cyclic pitch
015 and 6., the tail rotor constant pitch 6y, and lat-
eral roll angle ¢ z. The coupled trim/aeroelastic equa-
tions are solved in time using the ODE solver DDE-
ABM, which is a predictor-corrector based Adams-
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Figure 4: Grids used for CFD simulations.

Bashforth differential system solver.

3.4 Acoustic model

The acoustic calculations are based on a modified
version of the WOPWOP code, where helicopter noise
is obtained from the Ffowcs-Williams Hawkings equa-
tion with the quadrupole term neglected [30]. The
version of WOPWOP used in the code was modi-
fied to account for a fully flexible blade model that
is compatible with the structural dynamic model de-
scribed earlier. In previous studies [5,31], the chord-
wise pressure distribution on the surface of the blade,
a required input to the acoustic computations, was
obtained using an extended RFA approach. The ex-
tended RFA approach used frequency domain pres-
sure data obtained from the doublet lattice flow solver,
described in detail in Ref. 31. Generating the ex-
tended RFA models using CFD based pressure dis-
tribution data is computationally expensive. To re-
duce the cost the blade pressure distributions are ob-
tained from an approximate velocity superposition
method [32]. Using potential flow the pressure dis-
tribution on the surface of the airfoil is related to the
local velocity distribution that is assumed to result
from three independent contributions

v Av  Av, 2

v Av Av
where the velocity ratios —, —, and —— are con-

tributions due to airfoil thickness, camber, and angle
of attack, respectively. The signs in Eq. 1 are positive
for the upper surface and negative for the lower sur-
face of the airfoil. For the symmetric NACA 0012 air-

A
foil used in the study, 7"0 = 0, and the values of the

other two components are found from the approach
described in Ref. 32. Since this approach is based on
the potential flow theory it is not quite compatible
with the CFD based RFA model. However, it rep-
resents an acceptable approximation because the lift
coefficients from which the pressure distributions are
obtained, are based on the CFD+RFA model that
accounts for compressibility, viscosity, and unsteady
effects.

3.5 The Higher Harmonic Control Al-
gorithm

Active control of vibration and noise is imple-
mented using the HHC algorithm used extensively
for active control of vibration and noise in rotorcraft
[5,23]. The algorithm is based on the assumption that
the helicopter can be represented by a linear model
relating the output of interest z to the control input



u. The measurement of the plant output and update
of the control input are performed at specific times
t, = k7, where T is the time interval between updates
during which the plant output reaches a steady state.
In actual implementation of the algorithm, this time
interval may be one or more revolutions. A schematic
of the HHC architecture implemented on a helicopter
is shown in Fig. 5. The disturbance w represents the

Plant FI-
Disturbance (w)

>

Ovutput (z)

Sensitivity

Input (u) | T
Updates at times t=kt

Controller

HHC

A

Figure 5: Higher harmonic control architecture

helicopter operating condition. The output vector at
the k" time step is given by

z, = Tur + Ww (2)

where the sensitivity matrix T represents a linear ap-

proximation of the helicopter response to the control
and is given by

-2

Ju

At the initial condition, k = 0,

3)

Zy = 'I"llo + Ww. (4)

Subtracting Eq. (4) from Eq. (2) to eliminate the un-
known w yields

Zi = Zo + T(uk - UQ). (5)

The controller is based on the minimization of a gen-
eral quadratic cost function

J(z1,u;,) = 2} Qzy, + 22} Suy, +uj Ru,.  (6)

However, in most applications, the cross-weighting
term in Eq. (6) is neglected thus the cost function
reduces to

J(Zk, uk) = ZEQZk + u;fRuk. (7)

The optimal control input is determined from the re-
quirement

8J(zk, uk)

which yields the optimal control law uy opt, given by
Ukopt = —(TTQT +R) ™1 (TTQ)(2zo — Tup). (9)

Combining Eqs. (5), (7) and (9), the minimum cost
is

J(zk; uk,opt)

= (zo — Tup)" [Q — (QT)D H(TTQ)] (2o — Tuy).
(10)

where

D=T'QT +R (11)

This is a classical version of the HHC algorithm that
yields an explicit relation for the optimal control in-
put. Another version of the HHC algorithm where the
sensitivity matrix T is updated using least-squares
methods after every control update is known as the
adaptive or recursive HHC [23]. In order to describe
the adaptive HHC algorithm, relative output and in-
put vectors are defined, Az, with length 2p and Aug
with length 2m as

AZk = Zr — Zk—1, Auk = U — Ug—1, (12)
and, AZy of size 2p x k and AUy, of size 2m X k as

AZk = [ AZl
AUk = [ Alll

Azk ]7

Allk ] . (13)

The relation between the successive updates of vibra-
tion levels zy, is
zi = Zg—1 + T(up —up_1). (14)
This can be represented in another form,
Az, = TAuy. (15)
Hence, it follows from Egs. (15) and (13) that
AZy = TAUy. (16)
Assuming AU, AU} is nonsingular, one can define
P, = (AUAU;) (17)

and from Eq. (16) the least squares estimate Trg, of
T is given by

Trs, = AZLAUFP,. (18)

The recursive least squares method is used to iter-
atively update TLSk based on the past and current
values of Az, and Aug. The updated estimate TLS,c
is used at each control update step to calculate the
optimal control input uy, opt given in Eq. 9. The adap-
tive HHC algorithm has been shown to perform better
than the classical HHC when the model nonlinearities



are significant and the sensitivity matrix T is a poor
approximation of the model [23].

3.6 Implementation of the HHC algo-
rithm

In a 4-bladed rotor, the control input uy is a com-
bination of 2/rev, 3/rev, 4/rev, and 5/rev harmonic
amplitudes of the control surface deflection:

Ui = [520752sa-~-a65c;55s]T- (19)

where the term ‘control surface’ is used to denote both
the microflap or conventional plain trailing-edge flap.
The total control surface deflection is given by

5
S(p,ug) = Z [Onccos(NY) + Ongsin(Ny)] . (20)
N=2

where the quantities dy. and dns correspond to the
cosine and sine components of the N /rev control input
harmonic. When multiple control surfaces are used,
the control surface deflections are given by

5
0i (¥, ug) Z [Onci cos(N) + dnsi sin(NY)],
N=2

(21)
(22)

where i = 1,..., N5 and Ns is the total number of
control surfaces. The control vector uy is then given
by

uy = [02¢1, 02515+, 05¢1, 0551, - - -

(23)

T
620]\/5 3 6231\/57 ceey 65CN5 ) 6581\75] .

For vibration reduction (VR) studies, the output vec-
tor zj consists of 4/rev vibratory hub shears and mo-
ments:

Frixa

Frya

Frza

Mpxa 24)
My

Mriz4

Zyr =

The weighting matrix Q in the cost function in Eq. 7
is a diagonal matrix. For vibration control, it is de-
scribed by six weights corresponding to the three vi-
bratory hub shears and the three vibratory hub mo-
ments. For BVI noise reduction (NR) studies, the
output vector consists of the 6''-17t" blade passage
frequency harmonic components of the rotor noise,
which represent the principal part of BVI noise, mea-
sured by a microphone installed on the skid or landing

gear of the helicopter, and

Nroe
Nor
Zan = | VHOS (25)

N7

For simultaneous vibration and noise reduction (SR)
problems, a combined output vector is defined by

=22, -

Znr

where the vector zgy is simply a partitioned combina-
tion of the vibration and noise levels. The combined
weighting matrix Qg is defined as

_ | (Wa) - [Qu] 0
Qon = |: 0 (1 - Wa) ’ [QNR] :| ’ (27)

Where, W, is a scalar factor used to adjust the rel-
ative weighting between noise and vibration as ob-
jectives for the controller. When W, = 1, the con-
trol effort is focused on vibration reduction, and when
W, = 0, only noise is reduced by the controller. Dur-
ing approach to landing, BVI noise is the main pri-
ority, while vibration is the goal at cruise conditions.
Therefore, in an actual implementation the weighting
factor can be adjusted by the controller depending
on the desired outcome. The weighting matrices Qyg
and Quy used for simultaneous noise and vibration
reduction performed in this study are:

10 0 0 O O
oOo1 0 0 0 O
0 0 10 0 0 O
Qun = 0 0 0 10 O 0 ’ (28)
0 0 O 0 10 O
00 0 O 0 10
and
100 O 0 0 0 ]
0 100 O 0 0
0 0 100 O 0
QNR,:
0 0 100 O 0
0 0 0 100 O
L0 0 0 0 100 |
(29)

3.7 Actuator Saturation

Most actuation devices used for on blade control
of rotorcraft vibrations and noise are subject to am-
plitude saturation. Furthermore, the actuation am-



plitudes have to be limited so as to avoid undesirable
interactions between the primary flight control sys-
tem and the on blade controller. For a microflap the
maximum deflection is constrained by its size, usually
1.5% of the chord. For a conventional trailing-edge
flap the maximum deflection is set to 4°. As men-
tioned in the introduction four different approaches
for implementing actuator saturation on the perfor-
mance of the on blade controller have been examined
recently [10,11]. The approaches considered for ac-
tuator saturation are: truncation (TR), scaling (SC),
auto-weighting (AW) and optimization (OPT).

Truncation: in this approach the unconstrained
optimal control input is clipped whenever it exceeds
the limiting amplitude, thus the control surface de-
flection is

5(¢a uk)7

- |6(2h, ug)| < Stimi
O, ue) = { sgn(0(¢), ug)) - Glimit k "

|0(¥, ug)| > Otimit

(30)
where j;mit 1S the saturation limit on the control sur-
face deflection.

Scaling: for this case the optimal control input is
given by

5limit

6(p,up) = max(|opt (1, up)])

. 6Opt(1r/)7uk)7 (31)

where dopt (1, uy) is the optimal control input ob-
tained using the HHC algorithm without the satu-
ration constraints. Each harmonic component of the
optimal control surface deflection is scaled by a com-
mon factor such that the maximum deflection is equal
to the saturation limit.

Auto-weighting: in this case the control weight-
ing matrix, R in Eq. (7), is updated so as to restrict
the control surface deflection. The control weighting
matrix R penalizes the control input and thus can be
used to constrain the maximum control surface deflec-
tion. However, the value of R required to constrain
the control input amplitude within the saturation lim-
its is not known a priori. Hence, an iterative approach
which adjusts the value of R is used. The weighting
matrix R is represented as:

R = cyul. (32)

where ¢, is a scalar and I is the identity matrix. In
this approach all harmonic components of the con-
trol input vector are weighted equally. If the control
surface deflection is overconstrained, the controller
reduces the value of ¢y,. If the control surface de-
flection is underconstrained, the controller increases
the value of ¢,,,,. A new optimal control is calculated
using the updated value of ¢, obtained as follows:

1. Set ¢, = 0 and ¢}, = cmax-

2. Set cyy = %(cgm +ct)

3. Calculate a new optimal control input.

If the flap deflection is properly constrained
(|0max| = Slimit £ 5%), end the algorithm.

If the flap deflection is underconstrained
(l(smaX| > Olimit), Set cy,, = %(Cz_uu + thu) Re-
turn to step 2.

If the flap deflection is overconstrained (|0max
Stimit ), set ¢, = (¢, + ¢h,). Return to step
2.

This iterative procedure increases or decreases ¢y,
until the optimal control surface deflection converges
to the desired deflection limits within a prescribed
tolerance. The value of cpax, specified in step 1, has
to be guessed initially and it has to be greater than or
equal to the optimum value of ¢, that properly con-
strains the control input. Choosing a very large value
for cpmax is not recommended since depending on the
proximity of cpax to the optimum ¢, the AW ap-
proach can take several iterations causing an increase
in the computational costs. Furthermore, for the case
of multiple control surfaces, the number of iterations
required for all of them to be properly constrained can
be quite high rendering the AW approach impracti-
cal. To avoid this situation the same value of ¢, is
used for all the control surfaces.

Optimization: this approach is based on constrained
nonlinear optimization techniques, and it overcomes
the limitations associated with the previous approaches.
Recall that the HHC algorithm is based on the mini-
mization of a quadratic cost function, given by Eq. (7).
The saturation limits can be combined with the min-
imization of the cost function to yield a constrained
optimization problem:

minimize  J(zy, i) = z; Qzy, + uf Rug, (33)
uy
subject to  |8; (¢, ug)| < Stimis, =1,...,Ns
(34)

where Nj is the total number of control surfaces. The
optimization problem given by Egs. (33) and (34) is
a nonlinear constrained optimization problem with a
quadratic objective function and nonlinear inequal-
ity constraints, denoted as a Nonlinear Programming
(NP) problem. Unlike the approaches described ear-
lier, this approach involves direct modifications to the
HHC algorithm to account for the presence of satu-
ration in an a priori manner. The resulting optimal
control input always satisfies the saturation limits ir-
respective of the values of R and Q.

A NP method, Sequential Quadratic Programming
(SQP) [33, 34], available in the FMINCON tool in
MATLAB, is used to solve the optimization prob-
lem given by Egs. (33) and (34). The SQP method




solves a quadratic programming subproblem based on
a quadratic approximation of the Lagrangian func-
tion. A stand-alone application (a .eze file) capa-
ble of performing the optimization is generated us-
ing the mecc -m command in Matlab. Subsequently,
this application is invoked from the AVINOR code,
written in FORTRAN, in order to evaluate the op-
timum u. The stand-alone application requires ap-
proximately 1 sec to run on a 2.53 GHz Intel Xeon
processor in the case of a single control surface. Note
that the nonlinear constraints described in Eq. (34)
have to be satisfied for all values of the azimuth angle
1 € [0° 360°]. In actual numerical implementation,
the nonlinear constraints are evaluated and enforced
at every integer value of ¢ over the range [0° 360°].

4 Results and Discussion

The results provided in this section were gener-
ated for a helicopter configuration resembling a full-
scale four-bladed MBB BO-105 hingeless rotor. The
rotor parameters are listed in Table 1. The rotor is
trimmed using a propulsive trim procedure. All the
values in the table (except Cy,7, and o) have been
nondimensionalized using Mj, Ly, and 1/ for mass,
length and time, respectively. The mass and stiffness
distributions are assumed to be constant along the
span of the blade.

The acoustic environment in the vicinity of the
helicopter is characterized by the noise decibel levels
computed on a carpet plane located 1.15R beneath
the rotor, shown in Fig. 6. Noise measured by a mi-
crophone located at the rear of the right landing skid
is used as the feedback signal to the controller. The
sharp trailing edge configuration, shown in Fig. 1, was
chosen for the microflap. The microflap, 1.5%c in
height, slides in and out of a cavity, located 6%c in
front of the trailing edge of the airfoil.

Two different spanwise microflap configurations
are considered for the simultaneous BVI noise and vi-
bration reduction studies. The first is dual microflap
configuration, shown in Figure 7(a). It consists of two
microflaps each having a spanwise dimension of 0.06R
centered at spanwise locations of 0.72R and 0.92R, re-
spectively. The second configuration shown in Figure
7(b) consists of five microflaps with spanwise dimen-
sion of 0.05R each located adjacent to each other.
Active control studies were also conducted using a
20%c conventional plain flap, shown in Fig. 8, im-
plemented a dual flap configuration, shown in Fig. 9.

Table 1: Rotor parameters used for noise and vibra-
tion reduction studies.
Dimensional Rotor Data
R=491m
M, = 27.35 kg
Q = 425 RPM
Nondimensional Rotor Data
N, =14
¢/R = 0.05498
e=20
Xa=0
wr = 1.124, 3.40, 7.60
wr = 3.17, 9.08

Ly = 1.0
atw = -8°

X =0
wr, = 0.732, 4.458

v =5.5 o = 0.07

Bp = 2.5°

Helicopter Data

Cw = 0.005 fCq = 0.031
Xra =00 Zrpa =03
Xrc =0.0 Zrpc = 0.3

—

—Carpet Plane
°
1.15R o~

Top View

Onboard Microphones

10 Y/R

Figure 6: Microphone locations on and around the
helicopter for noise measurements.
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Figure 7: Various spanwise configurations of the mi-
croflap on the rotor blade.

Figure 8: A 20%c conventional plain flap configura-
tion.
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(a) Dual plain flap

Figure 9: Dual spanwise configuration of the 20%c
plain flap on the rotor blade.

Table 2: Simultaneous vibration and noise reduction
obtained using the dual microflap configuration for

various values of the relative weighting parameter
Wa.

W, | % change in 4/rev | dB change in right
vertical hub shear rear skid noise
0.1 16 -3.0
0.2 14 -2.5
0.3 -2 -2.4
0.4 -2 -2.3
0.5 -20 -1.8
0.6 -34 -1.6
0.7 -31 -1.3
0.8 -38 -0.3
0.9 -44 0.8

4.1 Simultaneous BVI noise and vibra-
tion reduction

Results presented in Ref. 35 indicate that BVI
noise reduction using microflaps is often accompanied
by increased vibration levels and vice versa. The fea-
sibility of reducing both BVI noise and vibrations si-
multaneously using microflaps is explored in this pa-
per. The adaptive HHC algorithm is employed for
all the active control simulations. Simultaneous re-
duction studies are conducted using the dual and five
microflap configurations under heavy BVI descending
flight condition at an advance ratio ¢ = 0.15 and a
descent angle ap = 6.5°. Simulations are performed
using various values of the relative weighting param-
eter W, in Eq. 27. Changes in the 4/rev vertical hub
shear and the noise levels measured at the right rear
skid location corresponding to various W, values are
given in Table 2 for the dual microflap configuration.
The value of W, = 0.6 yields the best combination for
simultaneous vibration and noise reduction and thus
represents a Pareto optimal combination. Similar in-
formation is provided for the five-microflap configu-
ration in Table 3. The best combination for simul-
taneous reductions of vibration and noise is obtained
at W, = 0.7. Simultaneous vibration and noise re-
duction results for these optimal values of W, are
presented next.

Noise levels computed during simultaneous vibra-
tion and noise reduction using the dual and five mi-
croflap configurations are compared to the baseline
noise levels in Fig. 10. The dual microflap configu-
ration yields up to 2 dB noise reduction on both the
advancing and retreating sides. The five microflap
configuration yields up to 3 dB noise reduction on the
advancing side and up to 2 dB on the retreating side.
The corresponding vibration levels are compared to



Table 3: Simultaneous vibration and noise reduc-
tion obtained using the five microflap configuration
for various values of the relative weighting parameter
Wa.

W, | % change in 4/rev | dB change in right
vertical hub shear rear skid noise
0.1 55 -6.4
0.2 55 -6.2
0.3 42 -6.2
0.4 -2 -5.7
0.5 -16 -4.8
0.6 -25 -3.6
0.7 -55 -2.5
0.8 -56 -2.1
0.9 -64 -1.7

the baseline levels in Fig. 11. The dual and five mi-
croflap configurations yield 34% and 55% reduction
in the 4/rev vertical hub shear, respectively. This
clearly demonstrates that simultaneous reduction of
vibrations and noise is feasible using microflaps. Mi-
croflap deflection histories over one complete revo-
lution during simultaneous reduction using the dual
and five microflap configurations are shown in Fig. 12.
Microflap numbering for the five microflap configura-
tion begins from the inboard microflap, i.e. ‘Flapl’ in
the legend refers to the inboard microflap and ‘Flap5’
refers to the outboard microflap. It is interesting to
note that the deflection histories for the outboard mi-
croflaps in both the configurations are predominantly
4/rev.

4.2 Comparison to a plain flap

Simultaneous vibration and noise reduction capa-
bilities of the dual microflap configuration are com-
pared to those of the dual plain flap configuration.
The noise levels computed during simultaneous re-
duction using dual microflap and the dual plain flap
are compared to the baseline levels in Fig. 13. On the
advancing side, the dual plain flap yields up to 3 dB
noise reduction whereas the dual microflap yields up
to 2 dB. However, on the retreating side, the dual mi-
croflap configuration yields up to 2 dB noise reduction
while the dual plain flap shows no effect. The vibra-
tion levels computed during simultaneous reduction
using dual microflap and dual plain flap configura-
tions are compared in Fig. 14. The dual plain flap
yields up to 51 % reduction in the 4/rev vertical hub
shear compared to 34% by the dual microflap. It is
interesting to note that compared to the plain flap,
the microflap demonstrates better effectiveness in re-
ducing the noise levels over the entire carpet plane,

i.e. both the advancing and the retreating sides, but
yields less reduction in vibrations. This observation
further illustrates the difficulty in simultaneously re-
ducing vibrations and noise in helicopters. The dual
microflap and dual plain flap deflection histories over
one completer rotor revolution during simultaneous
reduction are shown in Fig. 15. The deflection histo-
ries for the microflap and the plain flap show resem-
blance in the overall shape.

4.3 Effect of actuator saturation

To determine the effect of actuator saturation on
the simultaneous vibration and noise reduction capa-
bilities of the microflaps, the various saturation ap-
proaches described earlier were implemented for the
case of a heavy BVI descending flight condition at
advance ratio g = 0.15 and descent angle ap = 6.5°.
The simulations are performed using the dual mi-
croflap configuration with W, = 0.6, see Table 2. The
noise levels computed on the carpet plane during si-
multaneous reduction using the different saturation
approaches are compared to the baseline noise lev-
els in Fig. 16. The TR approach reduces the noise
levels by 1 dB on both the advancing and retreat-
ing sides of the rotor disk. The SC, AW, and the
OPT approaches yield similar performance with 2 dB
noise reduction on both the advancing and retreating
sides. The 4/rev vibratory hub loads obtained dur-
ing simultaneous reduction using the various satura-
tion approaches are compared to the baseline levels
in Fig. 17. The TR and SC approaches result in a
29% and 9% increase in the vibration objective, re-
spectively. The AW approach yields 23% reduction
whereas the OPT approach yields a 29% reduction in
the vibration objective. Significantly better perfor-
mance obtained using the AW and OPT approaches
is evident particularly in the vertical hub shear com-
ponent. The TR and SC approaches reduce the verti-
cal hub shear by 3% and 10%, respectively, whereas,
the AW and OPT approaches reduce the vertical hub
shear by 34% and 37%, respectively. Overall, the AW
and OPT approaches yield similar simultaneous BVI
noise and vibration reduction performance. However,
the OPT approach requires significantly less compu-
tational time to converge taking only 10 control up-
dates, 80 rotor revolutions, compared to over 100 con-
trol updates, 800 rotor revolutions, required for the
AW approach.

The inboard and outboard microflap deflection
histories corresponding to the various saturation ap-
proaches are shown in Fig. 18. In the AW approach,
the maximum deflection of the inboard microflap is
less than the saturation limit. This under-utilization
of one of the microflaps is primarily a result of the
fact that the same control weighting, ¢, in Eq. (32),
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Figure 10: Noise levels computed on the carpet plane during simultaneous vibration and noise reduction using
microflaps.
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Figure 11: Vibration levels computed during simultaneous vibration and noise reduction using microflaps.
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Figure 12: Microflap deflection histories over one complete revolution for the dual and five microflap configura-
tions during simultaneous vibration and noise reduction.
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Figure 13: Comparison of the noise levels computed on the carpet plane during simultaneous vibration and
noise reduction using a dual microflap and a dual plain flap.
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configurations during simultaneous vibration and noise reduction.



is used for both the flaps. Using a different control
weighting for the two microflaps results in a signifi-
cant increase in the computational time. As is evi-
dent from the constraint inequalities in Eq. (34), the
OPT approach optimizes the two microflaps individ-
ually, facilitating the use of both the microflaps to the
maximum possible extent.

The effect of actuator saturation was also exam-
ined using the five microflap configuration and W, =
0.7 which, as shown in Table 3, yields an optimal
reduction in the vertical hub shear and noise levels.
The noise levels computed on the carpet plane during
simultaneous reduction using the different saturation
approaches are compared to the baseline noise lev-
els in Fig. 19. The TR approach reduces the noise
levels by 1 dB on both the advancing and retreating
sides of the rotor disk. The SC approach results in
a 2 dB noise reduction on both the advancing and
the retreating sides. The AW approach yields a 3 dB
reduction on the advancing side and a 2 dB reduc-
tion on the retreating side. The OPT approach yields
the best performance with a 4 dB noise reduction on
the advancing side and a 3 dB reduction on the re-
treating side. The 4/rev vibratory hub loads obtained
during simultaneous reduction using the various satu-
ration approaches are compared to the baseline levels
in Fig. 20. The TR approach reduces the vertical
hub shear by 23%. The SC approach causes a 7%
increase in the vertical hub shear. The AW and OPT
approaches reduce the vertical hub shear by 55% and
49%, respectively. Overall, OPT approach yields the
best performance in simultaneously reducing the BVI
noise and vibration.

The microflap deflection histories corresponding
to the various saturation approaches are shown in
Fig. 21. In the AW approach, the maximum deflec-
tion of the inboard microflaps is less than the satura-
tion limit, whereas the OPT approach utilizes all the
microflaps to the maximum possible extent.

Vibration reduction performance of the various
saturation approaches is also compared at a high speed
level flight condition with p = 0.3. Vibratory hub
loads obtained from the different saturation approaches

for the dual microflap configuration are shown in Fig. 22.

The TR and SC approaches yield 25% and 28% reduc-
tions in the vibration objective, respectively. How-
ever, both of them cause a small increase in the verti-
cal hub shear. The AW and the OPT approaches yield
exceptional performance with 94% and 98% reduc-
tions in the vibration objective, respectively. The mi-
croflap deflection histories corresponding to the vari-
ous saturation approaches are shown in Fig. 23. The
AW approach significantly under-utilizes the outboard
microflap whereas the OPT approach utilizes both
microflaps to the maximum possible extent.

5 An Alternative Approach to

Simultaneous Vibration and Noise

Reduction

It is evident from the results presented in this pa-
per as well as experimental results obtained on vibra-
tion and noise reduction in full scale wind tunnel tests
that simultaneous reduction of vibration and noise is
a challenging goal. These two objective functions im-
pose conflicting demands on the controller and the
pareto optimal solution obtained represents a com-
promise that is not completely satisfactory. There-
fore, a fundamental question to be addressed is whether
there are viable alternatives to on blade control im-
plementation with multiple objectives.

An interesting alternative for vibration control has
been developed and bench tested by a partnership
between Sikorsky Aircraft Co. and the LORD Co [36,
37]. The system counsists of two primary components:

1. A dual frequency Hub Mounted Vibration Sup-
pressor (HMVS) which is mounted on the hub
and operates in the rotating system, and its pur-
pose is to eliminate the in-plane vibratory hub
loads (Fy,Fy), and

2. An Active Vibration Control (AVC) system that
consists of actuators placed around the gearbox,
and operates in the fixed non-rotating fuselage
system. The role of the AVC actuators is to
reduce (nullify) the other large components of
vibration (F,My,M,). Thus the combined sys-
tem is capable of suppressing all the significant
oscillatory loads from the main rotor.

This system was bench tested in a LORD test fa-
cility on a CH-3 fuselage [36]. The rotating part of the
system was attached to a large steel plate on the top
of the CH-3 fuselage that was resting on wheels. The
HMVS system was combined with a fuselage based
AVC system consisting of two pairs of actuators. A
single centralized controller provided simultaneous con-
trol commands to both the HMVS and the fixed sys-
tem AVC units based upon vibration measurements
obtained from vibration control accelerometers. The
control commands were provided directly to the AVC
actuator, and separately to the HMVS unit via a slip-
ring assembly, which was also used to provide power
to the HMVS system.

Simulated disturbance loads were introduced to
the test rig by disturbance actuators located in the
fixed system below the HMVS. The disturbance ac-
tuators introduced 4/rev components Fy,F,,F., M,
andMy corresponding to a 4/rev frequency of 17.2
Hz. The performance of this combination of actua-
tors, partially in the rotating system and partially
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Figure 16: Reduction in noise levels obtained during simultaneous BVI noise and vibration reduction using the
various saturation approaches for the dual microflap configuration at a heavy BVI descending flight condition
with p = 0.15.
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descending flight condition with p = 0.15.
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Figure 18: Dual microflap deflection histories corresponding to the various saturation approaches at a heavy
BVI descending flight condition with p = 0.15.
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Figure 19: Reduction in noise levels obtained during simultaneous BVI noise and vibration reduction using the
various saturation approaches for the five microflap configuration at a heavy BVI descending flight condition
with p = 0.15.

4% 0.003 -

© 5 Microflaps, .

2 Simultaneous Redution, (7] Baseline

< 0.0025-| #=0.15 B Truncation

s p

g Scaling

5 0.002 Auto-weighting

¥

= (3] optimization

% 0.0015- N

3 .

= N

€ 0.001- :

(%] e

3 :

£ 0.0005 i

j: = % : :

: =N /N LEN MN=/NE
= Long. shear Lat.shear  Vert.shear  Rolling Pitching Yawing

Figure 20: Reduction in 4/rev vibratory hub shears and moments obtained during simultaneous BVI noise and
vibration reduction using the various saturation approaches for the five microflap configuration at a heavy BVI
descending flight condition with p = 0.15.



\—Flap1--Flap2--Flap3 Flap4 « Flap5|

MicroFlap Deflection [%c]
MicroFlap Deflection [%c]

90 180 270 360 a0 180 270 360
Azimuth [deg] Azimuth [deg]

(a) Truncation (b) Scaling

MicroFlap Deflection [%c]
MicroFlap Deflection [%c]

270 360 0% 90 270 360

0% 90 180 180
Azimuth [deg] Azimuth [deg]
(c) Auto-weighting (d) Optimization
Figure 21: Segmented five microflap deflection histories corresponding to the various saturation approaches at

a heavy BVI descending flight condition with g = 0.15. ‘Flapl’ in the legend refers to the inboard microflap
and ‘Flapb’ refers to the outboard microflap.
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Figure 22: Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation ap-
proaches for the dual microflap configuration at a high-speed flight condition with p = 0.3.
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Figure 23: Dual microflap deflection histories corresponding to the various saturation approaches at a high-speed
flight condition with p = 0.3.



in the fixed system, produced good vibration con-
trol during simulated steady forward flight. The per-
formance during simulated maneuver conditions was
considerably worse. In both cases the need for an im-
proved control algorithm was mentioned, however the
actual control algorithm used during the bench test
was not specified.

The relative success of this system implies that for
simultaneous vibration and noise reduction, a hybrid
system, consisting of a combined HMVS and AVC
system for vibration reduction, and an on blade con-
troller based on active flap or microflaps may repre-
sent the best solution. Since the combined HMVS and
AVC system are limited strictly to vibration reduc-
tion, it is clear that the appropriate objective func-
tions for the on blade controller should consist of
either noise reduction or performance enhancement.
Furthermore, since the vibration control system that
is described here already has a slip-ring assembly, it is
suitable for transferring control commands and power
to both systems. The modeling, analysis and simula-
tion of such a system should be undertaken.

6 Summary and Conclusions

The effectiveness of two sliding microflap config-
urations, with a height of 1.5% of blade chord, were
examined for simultaneous vibration and noise reduc-
tion under heavy BVI conditions in descending flight
at u = 0.15. The first was a dual microflap con-
figuration, and the second one was a five microflap
configuration shown in Fig. 7. The performance of
the microflaps were also compared to a dual plain
flap configuration, illustrated in Fig. 9. A satura-
tion control algorithm was developed for limiting the
microflap or flap deflections that yields the best uti-
lization of on blade controllers implemented through
multiple control surfaces. The principal conclusions
of the study are summarized below.

1. For simultaneous BVI vibration and noise re-
duction the dual microflap configuration yields
2 dB noise reduction on both the advancing and
the retreating sides while simultaneously reduc-
ing the 4/rev vibratory vertical hub shear mag-
nitude by 34%.

2. The five microflap configuration yields 3 dB noise
reduction on the advancing side and 2 dB reduc-
tion on the retreating side while simultaneously
reducing the 4/rev vibratory vertical hub shear
magnitude by 55%.

3. Simultaneous vibration and noise reduction ca-
pabilities of the dual microflap were compared
to that of a dual 20%c plain flap configuration.

On the advancing side, the dual plain flap yields
3 dB noise reduction compared to 2 dB by the
dual microflap. However, the dual plain flap
does not yield any reduction on the retreating
side whereas the dual microflap yields up to 2
dB reduction.

4. The dual plain flap reduces the 4/rev vibratory
hub shear by 51% compared to 34% by the dual
microflap. Interestingly, the microflap is more
effective in reducing the noise over the entire
carpet plane (both the advancing and the re-
treating sides). By comparison the plain flap is
more effective in reducing vibrations.

5. The effect of actuator saturation on the perfor-
mance of the HHC control algorithm was ex-
amined for several saturation approaches and it
was found that the truncation and scaling ap-
proaches for limiting control surface deflection
produced inconsistent and marginal results and
should be avoided.

6. The auto-weighting and the optimization ap-
proaches were compared and both displayed very
good performance. However, the optimization
approach requires significantly less computer time
and in the case of multiple control surfaces, it
utilizes all of them to the maximum possible
extent resulting thus producing superior perfor-
mance.

7. The alternative approach described in Section 5,
indicates that a Hub Mounted Vibration Sup-
pressor operating jointly with Active Vibration
Controllers in the fixed system is very effective
for vibration reduction. On the other hand,
on-blade control is effective for noise reduction.
Therefore, a hybrid system combining these two
ingredients might provide the best solution to
simultaneous vibration and noise reduction.

Clearly, these conclusions demonstrate the effective-
ness and control authority of the microflap for simul-
taneous BVI noise and vibration control in rotorcraft
and establish the microflap as a viable active device
for on-blade rotor control.
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